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INTRODUCTION 


The most ancient records show that from a very remote period man 
has used the plow, in one form or another, to assist him in stimulating 
the earth to bring forth a more bountiful harvest. As has been the 
case in many other lines of endeavor, theory has trailed far behind 
observation and experience in developing this implement. In fact, as 
far as can be ascertained, it was not until the last half of the eighteenth 
century that any serious attempt was made to develop a plow bottom 
from a theoretical standpoint, and even then the productions of Jeffer- 
son, Lambruschini, Small, Rham, and others can not be considered as 
thoroughly grounded upon well-developed theories; rather their works 
should be looked upon as hypotheses (fig. 1). Experience in the field 
generally proved that the machines designed by these men were not all 
that could be desired—for example, it is reported* that when Lam- 
bruschini’s helicoidal moldboard was taken into the field for trial the 
driver of the draft animals immediately observed that the force required 
to move this plow was too great for the results obtained. To be sure, 
geometrically exact moldboards furnished the basis in many instances 
for more perfect developments, but the results obtained by empirical 
plow designers who worked in the field were so far superior to the results 
obtained by the men who worked in the laboratory that the theorists 
were soon completely outstripped and even held up to ridicule by the 
men who developed their machines in the hard school of experience, 
until at the present time we find special types of plow bottoms designed 





1 Approved for publication in the Journal of Agricultural Research by the Director, Cornell University 
Agricultural Experiment Station. 

2 The experimental work for this paper was done under the direction of Prof. H. W. Riley, of the De- 
partment of Rural Engineering, Cornell University, and the mathematical developments were prepared 
under the supervision of Prof. F. R. Sharpe, of the Department of Mathematics. In addition to the above, 
gratetul acknowledgments are given to the following: To Profs. James McMahon and Virgil Snyder, of 
the Department of Mathematics, for their most timely and helpful suggestions; to Mr. J. E. Reyna, 
Instructor in Drawing, College of Agriculture, Cornell University; and to Mr. L. S. Baldwin, Instructor 
in General Engineering Drawing, University of Illinois, for making the drawings. 

3 LAMBRUSCHINI, R.. D’'UN NUOVO ORECCHIO DA COLTRI. Jn Gior. Agr. Toscano, v. 6, p. 37-80. 1832. 
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to meet certain field conditions; but no well-developed theory is avail- 
able to serve as a guide in this work. 

This paper is an attempt to begin a fundamental analysis of the plow 
bottom and its work, in the hope that some light may be thrown upon the 
theory of this humble but perplexing machine, and other attempts stimu- 
lated to delve further into the secrets which are still to be revealed 
regarding the theory of this important implement. Empirical methods 
have given the world plow bottoms which work well. It is still to be 


hoped that scientific investigation can refine and further perfect, supple- 
ment as it were, the productions of experience. 
The work undertaken by the writer can be naturally divided into three 


parts: (1) A study of the forms of plow bottoms; (2) an attempt to 
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Fic. 1.—Diagram giving the generatrices, directrices, and equations of surfaces of historical plow bottoms. 
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analyze the motion of the soil particles as they pass over the surface, 
and (3) a mathematical analysis of the surfaces of the most important 
historical plow bottoms which were designed to be geometrically exact. 
It was, and still is, hoped that a knowledge of just what the plow bottom 
is and how it performs its work will be of material assistance in developing 
a theory which will furnish a very definite basis for the proper design of 
this fundamental implement of tillage. 


> FORMS OF THE PLOW BOTTOM 


A study of modern American-manufactured plow bottoms reveals 
the fact that a large number of these are so constructed that their surfaces 
contain sets of straight lines, each set consisting of an infinite number of 
straight lines, so related that an equation or equations satisfied by the 
coordinates of points on the surface can be found. 
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Plate 6, A, represents a bottom with two sets of straight lines. The 
few lines shown in the illustration indicate that through every point of 
the surface two straight lines can be drawn which lie wholly on the surface 
until they pass off the edges of the bottom. These straight lines furnish 
the basis for the proof that such a surface is a portion of an hyperboloid 
of one sheet (for the form of this surface see fig. 3 to 7) whose equation 
can be developed and studied with mathematical exactness. The 
method of developing this equation will be given later, but at present we 
are mainly interested in the fact that there is a classs of plow bottoms on 
whose surfaces lie sets of straight lines, and, further, that one equation can 
be developed which will approximately represent the working surface of 
such a bottom. 

Further study shows that the surfaces of other plow bottoms contain 
sets of straight lines, but that one equation will not completely describe 
such a surface. In Plate 6, B, a bottom is shown whose surface is com- 
posed of a portion of each of two surfaces. Plate 6, C, shows a similar 
bottom, but in this case the two surfaces merge into each other farther 
back upon the moldboard. 

In Plate 6, D, a class of bottoms is represented whose entire surfaces 
do not contain an infinite set of straight lines. It is true that the share 
and back end of the moldboard exhibit the same characteristics that the 
first two classes have shown, but the lines do not continue to the fore part 
of the moldboard. 

Plate 7, A, shows a plow bottom with a convex surface which has two 
sets of straight lines. 

The American-manufactured plow bottoms studied can thus be 
divided into three general classes: (1) A portion of one quadric surface; 
(2) a portion of each of two quadric surfaces, and (3) nonquadric sur- 
faces. Nearly all forged bottoms belong to classes 1 and 2 with the 
majority falling into class 2, while most of the cast bottoms belong to 
class 3. It should be noted, however, that some recently designed cast 
bottoms depart from the general characteristics of class 3 and show 
clearly the two quadric surfaces of class 2. The lines running in the 
general direction, front to rear, marked ““‘/,” (Pl. 6, A) will be called 
longitudinal lines, and those running in the general direction, top to 
bottom, marked ‘‘t’’ (Pl. 6, A) will be called transverse lines. 

For the purpose of studying the forms of the various surfaces under 
consideration, a machine, illustrated in Plate 7, B, was designed and built 
for measuring the space coordinates of any desired point.' By means 
of slots and a system of pulleys attached to the drafting board the cross- 
bar can be kept horizontal and be moved both laterally and vertically, 
while the drafting board is attached to a frame which can be moved 





1 Similar machines are described in the following publications: Gounp, J. S., et al. REPORT ON TRIALS 
oF PLows. In Trans. N. Y. State Agr. Soc., v. 27, pt. 1, 1867, p. 426. 1868. 
GriorDANO, Federigo. LE RICERCHE SPERIMENTALI DI MECCANICA AGRARIA. p. 110. Milano, 1906. 





152 Journal of Agricultural Research Vol. XII, No. 4 





backward and forward upon guides so marked that the board in all posi- 
tions will be squarely across the guides. Whena plow bottom is properly 
placed upon the platform the x, y, and z coordinates of any point upon 
the surface can thus be recorded upon coor- 
dinate paper fastened upon the drafting 
board. 


DEVELOPMENT OF THE EQUATION 
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fous Ms ; face shown in Plate 6, A, presents the 
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Ps 


CM Neee 
Pt 4 
a “Kyele 


given two sets of straight-line generators. 
This can be done if the equations of any 
three lines in the same set are known. 
Select three lines ab, cd, and ef (fig. 2). 
Let x,, V,, 2,,and %,, y,, 2, be the coordinates 
of two points upon line ab; %,, ys, 23, and x,, y,, 2, of two points upon line 
cd; and %,, ys, 25, and %,, Ye, 2, of two points upon line ef. 
The equations of the lines ab, cd, and ef, are 
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From (2) the following equation for a plane perpendicular to the X Y- 
plane and containing the line cd is obtained: 


U==(%— Xs) (Yas) — (V— Vs) (%— ¥3) =O. (4) 


Similarly from (2) the equation of a plane perpendicular to the YZ- 
plane and containing the line cd is 


Us=(Y¥— Ys) (Z%— 23) — (2— 23) Wu—- Vg) =O. (5) 


From (3), the equation of a plane perpendicular to the X Y-plane and 
containing the line ef is 


Ug =(X— Xs) (Ve— Vs) — (¥— Is) (%_— Xs) =O. (6) 


Similarly, from (3) the equation of a plane perpendicular to the YZ-plane 
and containing the line ef is 


Up=(Y — V5) (2e— 25) — (2— 25) (Ye— Ys) =O. (7) 
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Consider 


U,= Aus. 





(8) 












where A is a constant. This is the equation of a plane which contains 
the intersection of planes (4) and (5); hence it contains the line cd. 
Similarly 


u,= Bu, 





(9) 


where B is a constant, is the equation of a plane which contains the line e. 

If A and B have such values that the point x’, y’, 2’ is on (8), (9), and 
(1), the line of intersection of (8) and (9) meets (1) and is a generator 
(see fig. 2). Hence, 
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where K is a constant. 
From equations (12) 
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x’ = K (%_—%) +% (13) 
y=K(w-n) +n (14) 
2’ = K (z,—2,) +2, (15) 


From equations (10), (13), (14), and (15) 
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and from equation (9) 
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Eliminating A, B, and K from (16), (17), (18), and (19), we have the 
equation of a surface through the lines ab, cd, and ef. The equations are 
left in this form because numerical substitutions are more easily made 
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at this point than would be the case if the indicated operations were first 
performed with the symbols. The general form of the equation resulting 
from the previous operations is 


ax? +by? +-c2? + 2fyz+29x2+ 2hxy + 2lx+2my+2nz+d=0. (20) 


To reduce equation (20) to its simplest form the axes must be trans- 
lated and rotated. 


TRANSLATION OF AXES? 
The origin of equation (20) is translated to the center by putting 
KHL! +X, — Y=RIN" Yo, | BB! +2; (21) 
he values of x,, y,, and 2, being obtained from the following: 
aX%_+hyo+92+l=O (22) 
hig +byo+j2+m=O (23) 
%ot+fVotc29+n=O0. (24) 


These substitutions give, after dropping the accents from x’, y’, and 2’, 
an equation of the following form: 


ax? +by* +c2" + 2fyz+29x2 + 2hxy+G=0; (25) 
G=/x9+myo+n2z,+d. (25a) 
ROTATION OF AXES? 


Equation (25) can be further reduced by a rotation of the axes. This 
is accomplished by means of a cubic equation 


k8— (a+b+c)k? + (ab+ac+bce—?—g’—h*?)k—D=O; (26) 


" h ¢ 
where D=\h b (26a) 
“ ‘9 i | . 
Let the roots of (26) be k,, k,, and k,. The desired equation, after trans- 
lating and rotating the axes is 


ke +ky +k2?+ k 
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! A numerical problem is developed by this method upon pages 156 to 160. 

2 Snyper, Virgil, and Stsam,C. H. ANALYTIC GEOMETRY OF SPACE,. p.77. New York, 1914. 
3Idem, p. 79. 

‘Idem, p. 86. 
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where A= DG. (27a) 


The direction cosines \, », v, of the angles which the new X-axis makes 
with the original axes are obtained from the following: 


(a—k,)A+hu+gu=0 (28) 
hrd+ (b6—k,)ut+fu=O (29) 
9r\+ju+ (c—k,)v=O (30) 

A+V+V7=1. (31) 


Similarly, the direction cosines of the angles which the Y- and Z-axe 
make, after rotation, with the original axes are found by substituting 
k, and k,, respectively, for k, in equations (28), (29), (30), and (31). 

When equation (27) was developed from the surface of a plow bottom 
having two sets of straight-line generators, it had the following general 
form: 


(32) 


This is the equation of an hyperboloid of one sheet, a vase-shaped figure, 
the skeleton of a section of which is shown in figure 3. When z=O 


2 
equation .(32) becomes 2+h=1, and the cross section through the 


lane z=O (fig. 4) is an ellipse. When y=O, the equation becomes 
P q 

2 
*-5- 1, and the section through the plane y=O (fig. 5) is a hyperbola. 


Similarly, when x=O, — 1 (fig. 6). Figure 7 indicates the two sets 
of straight-line generators which lie on the surface of an hyperboloid of 
one sheet.” 


APPLICATION OF THE DEVELOPMENT TO A PROBLEM 


In order to develop the equation which will describe the surface of a 
plow bottom, it is necessary to obtain the data called for in equations 
(16), (17), (18), and (19). This application of the development will be 
carried through for the bottom represented in Plate 6, A, which bottom 
was placed upon the machine shown in Plate 7, B, so that the origin of 





1The constants a, b, and c of this equation do not necessarily have the same numerical values as in 
previous equations. 

2 The method for obtaining the equations of any line on the surface is given in SNypgER, Virgil, and 
Sisam, C. H. Op. cit., p. 93. 
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coordinates came at O, figure 8. The plane y=O contains the points O, 
m, and n; and the plane x=O contains the points O and m and is per- 
pendicular to the plane y=O. The plane z=O is perpendicular to both 
the planes y=O andx=O. The axes are considered to be positive in the 
directions indicated by the arrowheads (fig. 8). Three transverse lines, 
ab, cd, and ef (fig. 8), were selected and the following data obtained: 





Fic. 8. 


TABLE I.—Values (in inches) developed for the surface of the plow bottom shown in 
Plate 6, A 


x= 2.84 X= 7.42 X3= 4.42 
N= 5-7 Yo= 3-78 Y= 8.74 
2,;=16.0 %,=19.0 23=20.0 
X= 8.54 Xs= 9.7 Xg=12.58 
Y= 6.43 Ys=10.88 Ye= 7-65 
24=23.0 25=26.0 2g=28.0 


When the above values are substituted in the equations already 
developed, 


From (16) 


Awe m2:28K +13.83. 
~ ee 
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From (17) 


_ —%—1.78y +20 
1.2999 +2— 31.35, 





From (33) and (34) 


ra. 2 eee 13.832 + 11.95 
%—L.U77Y—2.282+51.45 ~ 


From (18) 


‘east 1.584K +.6.335, 
K—7.29 


From (19) 


B= —x— .892y+19.4 
6197 +2— 32.74 





From (36) and (37) 





29% + 2.587 — 6.3352+65.85 


at 
_ %+ .088y—1.542+32.46 ° (38) 


By eliminating K from equations (35) and (38) the following equation 
for the surface of the plow bottom is obtained: 


3-90 + + 3.452 — 7-532 — 7-28%2 +6.79xY 
+87.1%+120.75y— 75.052+ 227.25 =O. (39) 


Table II is compiled for purposes of checking the values computed from 
equation (39) with those obtained by measuring. 


TABLE II.—Values (in inches) for the surface of the plow bottom shown in Plate 6, A, 
obtained by measurement 
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To find the geometric center, substitute the coefficients from equation 
(39) into equations (22), (23), and (24). Solving, we find 


X= — 1.405 inches. 
Yo= 6.52 inches. 
Zo= 16.4 inches. 


This translation of axes is shown in figure 9. From equation (25a) 
G=—57.3. From (25) the equation of the surface referred to parallel 
axes through the center is 


3-98 + P+ 3.452 — 7.5392 — 7-28x2+ 6.79xy — 57.3=0. (40) 

















Fue. 9. 


To find the equation of the surface referred to the principal axes through 
the center, substitute the coefficients from (39) into (26), and we have 


k§— 8.35k?— 20.17k+ 2.45=0. (41) 
On solving by Horner’s method 
k, = 10.27 
k,= 0.128 
ks= —2.05 


Substituting the values just found for k,, k,, k,, D, and G in equation 
(27), we find 
10.27%? + .1287 — 2.0527 = 57.3 
or 
rz ¥ 2 = 
2.36)" 1.2) (5.29)* sa 
The direction cosines of the angles which the axes make after rotation 
with the original axes are obtained by making the proper substitutions in 
equations (28), (29), (30), and (31). 
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For the X-axis 
Y= F 0.6136 
w= F0.48 
v= +0.627. 
For the Y-axis 
Y= £0.7515 
M= 0.1437 
v= +0.6445. 
For the Z-axis 
Y= F0.1415 
p= +0.828 
v= +0.5425. 


Figure 10 shows the axes after translation and rotation and the por- 
tion of the hyperboloid of one sheet which is a close approximation 
to the surface of. this plow 

bottom. 


SURFACES ONE PORTION FROM 
EACH OF TWO QUADRIC 
SURFACES 


By the use of the method 
which has just been em- 
ployed to develop the equation 
of the surface of the plow 
bottom shown in Plate 6, 
A, two equations can be 
developed which will approx- 
imately represent the surface 
of the bottom shown in 
Plate 6, B. By taking the 
origin as at O, figure 8, the 
data of Tables III and IV 

were obtained from the share and the front portion of the mold- 
board. 


TABLE III.—Values (in inches) developed for the surface of the share and front portion 
of the moldboard of the plow bottom shown in Plate 6, B 


X= 3.92 Xo= 7-4 X= 1.73 
n= 8 4 ae Ys= 2.67 
2;= 8.0 2,==12.0 2;==12.0 


x= 6.78 Xg== 2.36 Xe= 5.87 
Fe E75 Ys= 4-95 Ye= 2-7 
2,=16.0 25=15.0 2g=17.0 


0.25%? + 2.347? +0.4627— 3.25yz—0.77%2 + 2.66xy 
: +6.88% + 32.3y— 5.812—4.4=0 
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TABLE [V.—Values (in inches) for the surface of the share and front part of the moldboard 
of the plow bottom shown in Platz 6, B, obtained by measuring 
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From the remaining surface of the moldboard the following data of 
Tables V and VI were obtained: 


TaBLE V.—Values (in inches) of rest of surface of moldboard shown in Plate 6, B 


X3=11.73 
Ya= 4.81 
23=29.0 


Xg= 12.24 
Ye= 11.89 
2531.0 
1.07%? — 1.077? +27 — 3.99yz— 1.542 +16.37xY 
+60.55% + 125.3¥— 48.52 + 109.5 = (44) 


TABLE VI.—Values (in inches) for the rest of the moldboard surface shown in Plate 6, B, 
obtained by measurement 
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From a study of Tables II, IV, and VI it is evident that the share can 
not be as accurately described by mathematical equations as can the 
moldboard. However, the differences even upon the share are not very 
great. It must be remembered that these surfaces have been developed 
empirically; experience and an extensive knowledge of the conditions to 
be met have been the chief guides. Yet this implement produced in the 
school of experience has a surface approximately mathematically exact 
in form. Further, the surfaces of cast bottoms, which, because of the 
difficulty of manufacture, are not changed unless necessity demands, 
consist in some cases approximately of a portion from each of two quadric 
surfaces. It will be shown later in discussing the history of the plow that 
the surfaces of the Holbrook bottoms were designed to be portions of 
hyperboloids of one sheet. In the Utica (N. Y.) plow trials these 
machines received many first awards and much commendation from the 
judges for the excellence of their work. In addition to this, Mr. J. J. 
Washburn, of Batavia, N. Y., who knew Mr. Holbrook and was 
present at the Utica plow trials, stated that the Holbrook plows did as 
good work as any that it has ever been his pleasure to witness. Thus, 
there is considerabie evidence, based upon field experience, which indi- 
cates that a portion of a hyperboloid of one sheet is the proper form for 
the surface of a plow bottom. So far as is known, this hypothesis awaits 
definite proof. 


MOTION OF THE SOIL PARTICLES IN PLOWING 


For the purpose of studying the motion of the soil particles in plowing, 
the work was limited to sod ground available in the vicinity of Ithaca, 
N. Y. From observations on a sod plow at work in the field (PI. 7, C), 
the following general facts regarding the furrow slice were noted: 

The lower outside ' edge of the furrow slice did not appear to be either 
stretched or compressed. 

The upper outside edge of the furrow slice appeared to be compressed. 

The inside of the furrow slice was stretched, the lower edge more than 
the upper edge. 

As the furrow slice passed over the moldboard the cracks, which had 
formed on the inside in traveling over the share and the front portion 
of the moldboard, closed up as the soil passed over the rear of the plow 
bottom, indicating a point of maximum stretching. 

The above considerations made it evident that a more detailed study 
of the behavior of the furrow slice was desirable. For this purpose rows 
of pins were set in the unplowed ground, the pins being driven in the 
ground to the estimated depth of plowing, as shown in Plate 4, A. The 
longitudinal rows are parallel to the line of motion of the plow, which is 
also parallel to the Z-axis (fig. 8) and the transverse rows perpendicular 





1 The portion of the furrow slice immediately adjacent to the furrow is called the “‘outside.’”’ 
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to this same line of motion. The longitudinal rows are numbered from 
II to VI (Row I was omitted because the colter upset the pins), and the 
pins in each row numbered from 1 to 10, as shown in figure 11. When 
the part of the furrow slice in which the pins were set was upon the mold- 
board, it took the form shown in Plate 8, B. In order to obtain the 
x, y, and z coordinates of points in the furrow slice upon the moldboard, 
the apparatus shown in Plate 9, A, was used. In this apparatus the 
axes have the same relation to the plow bottom as those shown in figure 
8. This more detailed study of the furrow slice upon the moldboard 
revealed the following: 

The length of Row II, pins 1 to 10, on top of the furrow slice was 
greater than the length before the soil had passed upon the moldboard, 
indicating that this por- 
tion of the furrow slice 
had been stretched. 

The length of Row 
II, pins 1 to 10, was 
greater upon the bot- 
tom of the furrow slice 
than its length before 
the soil passed upon 
the moldboard. 

The length of Row 
VI, pins 1 to 10, on top 
of the furrow slice was 
less than its length be- 
fore the soil passed upon the moldboard, indicating that this portion 
of the furrow slice had been compressed. 

The length of Row VI,-pins 1 to 10, on the bottom of the furrow slice 
was greater than its length before the soil passed upon the moldboard. 

The lengths of Rows IV and V, pins 1 to 10, on top of the furrow slice 
were approximately the same as their lengths before the soil passed upon 
the plow bottom, indicating neither compression nor stretching. 

The lengths of Rows IV and V, pins 1 to 10, on the bottom of the 
furrow slice was greater than their lengths before the soil had passed 
upon the plow bottom. 

The z distances of pin 10 on top of the furrow slice were approximately 
the same for each row, but less than the distance which the plow had 
moved forward. 

The z distances of pin 10 on the bottom of the furrow slice were 
approximately the same for each row and equal to the distance which 
the plow had moved forward. (The coordinates of the pins at the 
bottom of the furrow slice were measured by cutting away a portion 
of the soil but leaving the pins in place.) 

















164 Journal of Agricultural Research Vol. XII, No. 4 





These observations reveal, first, that when a cross section of the furrow 
slice is considered (fig. 12) the portion marked ‘‘A” is compressed in 
plowing and the portion marked “B”’ is stretched, while the soil in the 
position of line /j is neither compressed nor stretched; and, second, that 
there is a definite relation between the z coordinate of a soil particle and 

the distance the plow has moved for- 
k J m ward. This relation is developed on 
pages 164 to 167. 

The next step was to analyze in detail 
the motion of the soil particles. This 
1 , study was limited to the soil particles 
upon the bottom of the furrow slice, but 
the methods developed are applicable to 
other portions. The paths of the soil particles upon the bottom of the 
furrow slice can be very accurately traced from the scratches which 
they make upon the moldboard. Plate 9, B, shows the paths of five soil 
particles. By taking the axes as shown in figure 8, a projection of these 
paths upon the plane z=O showed a very uniform set of curves. Each 
of these curves (fig. 13) can be very accurately described by equations 
of the general form 














Fic, 12. 


ax’ + by +lx+my+d=0O. (45) 
When these same paths are projected upon the plane y= 0, a set of curves 


resulted (fig. 14), each of which could be very accurately described by 
equations having the following general form: 


ax? +b2? + lxz+mx+nz+d=0, (46) 

From equation (45) 
ot <2 
dt df? 
ity and acceleration, 


and the veloc- 


respectively, of a soil 
particle in the y direc- 
tion can be found if 
dx dx 

at and - qp te known. 
The values of & and 


can be found from 


x 
df d 


/ 





equation (46) if a and 





“ 7 3 


Pz Fic. 13.—Projection of 
ry are known. Th us, 1G. 13 rojection of the —_ oem in Plate 9, A, upon plane 


to analyse the velocity and acceleration of any soil particle whose path 
upon the surface of the plow bottom is known, an equation must be 
found between z and time (1). 
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This was accomplished by comparing the z coordinates of the bottom 
ends of the pins with the distance which the plow had moved forward. 
The distance which the plow moved forward is designated by s, so that 


s=ut, (47) 


where v= velocity of the plow, and ¢= time. 

By the use of the apparatus illustrated in Plate 9, A, the data given in 
Table VII were obtained for the soil particles upon the bottom of the 
furrow slice whose paths are shown in Plate9, B. These data are typical 
of 12 sets of observations. 


TaB_e VII.—Values (in inches) of points in the furrow slice 









































Row II. Row III. Row IV. Row V. 

| | | 

| | ae 
164 15} 3 16 15} | 4 155 | 15% 4 | rst | 152 ° 
204 19 | % | 203 19of | § 195 tof | ¢ | 20% | 19} 4 
24 232 | t | 23% | 23 $ | 24¢ | 23% | 4 | 23% | 239 ° 
27% | 272 | o | 27% | 278 |-& | 278 | 272 [-¢ | 27% | 273 | -—$ 
32t | 31% | 4 | 328 | 31% | # | 32 31% | ¢ | 318 | 31% t 
358 | 35% |-& | 35% | 35% | o | 35% | 35% | & | 35¢ | 35% | —9 
308 | 39% |-# | 30% | 308 |-* 308 | 30% |-t | 30¢ | 30% | —$ 








Unfortunately the soil available in the vicinity of Ithaca was not well 
adapted for taking observations of the kind reported in Table VII. This 
soil is not uniform in texture, contains many stones, cracks much more 
readily than it stretches, and the surface is not as level as could be desired 
for this work. At times it was difficult to drive the pins straight into 
the ground. The data of Table VII show, however, a distinct tendency 
for the difference between z and s to reach a maximum value and then 
decrease again to zero; and also a slight tendency for this maximum 
difference to decrease from Row I to Row V. When the work was begun, 
it was hoped that sufficiently accurate data could be obtained from which 
a law between z and s could be developed, but on account of the difficul- 
ties already explained this was impossible. Consequently, in order to 
develop a method for future work, a set of conditions were assumed which 
agreed qualitatively with the observed facts. It should always be kept 
in mind that this was done simply as an hypothesis whose exactness should 
be thoroughly tested upon a soil better adapted to this work. The 
conditions assumed for the relations between z and s are as follows: 

(A) That, for each path, when z= 40, s= 40. 

(B) That there was no stretching or compression in the outside bottom 
edge of the furrow slice up to the point z= 40. 

(C) That the maximum difference, z—s, for Path I was 1.05 inches. 
rh 27807°—18—2 
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4 (D) That the maxi- 
mum difference, z—s, 

36 for each path decreased 
uniformly across the 
furrow slice. Thus, for 
Row I, x=0.85 inch, the 
maximum z—SsS=1.05 
inches, and when 
x=13.6 inches, the 
width of the furrow- 
slice, the maximum 
z-s=0O; so when 
x%= 7.5 inches, the max- 
imum z—s for Row V 
is 0.45 inch. 

(E) That the stretch- 
ing in each row took 
place uniformly up to 
the maximum point 
and then decreased 
uniformly until it was 
zero when z=s= 40. 

(F) That the maxi- 
mum stretching 
occurred midway be- 
tween the point where 
the soil particle passed 
upon the plow bottom 
and the point s= 40. 
Thus, for Path I where 
the soil particle passed 
upon the moldboard at 
the point s=o.6: 


40 —0.6=39.4 inches. 
39.44 2=19.7 inches. 
19.7+0.6= 20.3 inches. 


For Path I the point 
of maximum stretch- 
ing was at s=20.3 
inches. 

eer eer yee eee Beer +z? ~—«‘The computations 


Fic. 14.—Projection of the paths shown in Plate 9, A below show that for 
le ‘a e " ’ . 
. dhe pinat 90. » A: upon Path V, where the soil 








Jan 28, 1018 Study of Plow Bottoms 167 





particle passed upon the share at the point s=11.6, the point of 
maximum stretching occurs at s=25.8 inches. 


40 —11.6= 28.4 inches. 
28.4+2 =14.2 inches. 
14.2+11.6= 25.8 inches. 


The following is the simplest form of a function which meets the 
requirements imposed by the above conditions and, when the constants 
are determined, will describe the relations between z and s for a soil 
particle on the bottom of the furrow slice as it passes over the surface of 
the plow bottom: 

z—s=a(s?+bs+c)? (48) 


From equations (47) and (48) 


z—vt=a[(vt)?+but+c]?; (49) 


From (49) & and a , the velocity and acceleration, respectively, of a 


soil particle in the z direction can be obtained. 
From equation (46) by differentiation we have 


dz 
(2ax+lz+ m) n+ (2bz+ lx+ nya 9; (50) 
and 
ax dx dz\dx 
(2ax+ lz+ m) Fa + (205+ FT dt 
dz dz dx\dz 
+ (abe let maa (205+; a 2: (51) 
Similarly from equation (45) we find 
d: d 
(2ax+) 77+ (aby+m)5r =O; (52) 
and 
dx dx dy dy\, _ 
(2ax+1) a+ 2a 5p P+ (aby+ ma +2b a yn0. (53) 
, ... ax dy 
From equations (50), (51), (52), and (53) the velocities di? dt? and the 
accelerations 4 J of a soil particle on the bottom of the furrow slice 


dz 
dt 

In this problem, however, we are interested in the accelerations in the 
directions of the normal to the surface, designated by “‘N,” the tangent 
to the soil path ‘‘7,” and the perpendicular to the plane formed by the 
normal and the tangent “ R.”’ 


can be obtained when = and po are known. 
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We can find X,, 4, v,, the direction cosines of the angles which N makes 
with the X-, Y-, and Z-axis in either of the following ways: 
If (20) (the equation of the surface of the plow bottom) is known, we 
have by differentiation 
Ay NAG Ae. ee ee 
Ax, + byyt+g2gtl hxy+byy+ fey +m 
Vy 


pnp 














* sna AT (hx, + by + fzy +m)?” 

+ (9%) + FV +z +n)? 
or if the paths of the soil particles are known but the equation of the 
surface is unknown the angle Ny can be measured by means of a pro- 
tractor and plumb bob, as shown in Plate 9, C. The direction cosines 
\, and v, can then be computed from the following: 


(Ay)? + (uy)? + (v,)? = 1 (55) 


dx, dy, dz 
an + yg =O; (56) 


where the values for pe 4 na? 7 can be obtained from (49), (50), and 


dt’ dt’ 
(52). 
dy dz 


dx 
The direction cosines of T (A, u, v,) are proportional to — a’ di’ and a 


Hence 
a a 


TF Oo ° 


The direction cosines of T (Ag, ug, Us) Can be computed from the follow- 
ing:* 








(Ag)? + (Mg)? + (us)? = I. (58) 

a. ae Sse 
Mg2— Ugly MgYy— Vahl, MyYg— Uybly i (59) 
The components in the directions N, T, and R of the forces acting on a 
soil element of mass M, moving with the component accelerations 
Px dy 
df’ d@ 


dz 
and =, aie ate 


ad dz 
FN= Mag Stange + Yq) (60) 


tb 
Fr= Mage + mod +092) (61) 


7 dz 
Fr= Mage + isa + Yaa) (62) 





Snyper, Virgil, and Sisam,C. H. Or cit., p. 40. 
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EVALUATING THE CONSTANTS IN EQUATIONS (48), (46), AND (45) 


The methods of evaluating the constants in equations (48), (46), and 
(45) for a given soil path will now be considered. For this purpose 
Path V (Pl. 9, A) will be taken. The general form of equation (48) is 


z—s=a(s?+bs+c)?. (48) 


From the assumptions that have already been made (p. 164 to 168) the 
following data for this curve are obtained: 


$ z 
11.6 11.6 
25.8 26.25 
40.0 40.0 


On substituting the above values for s and z in equation (48), three 
equations are obtained from which it is found that 


@=0,00001114 
b= — 51.6 
c= 464 
giving 
2—5=0,00001114(s?— 51.65-+ 464)? (63) 
To determine the values of the constants in 
ax? + bz? +lxz+ mx+nz+d=0O, (46) 


the origin is moved to x=7.65, z=11.6. For this point as origin an 
equation of the following form describes the curve: 
a(x’)? + b(2’)? +1,x%'2’ + mx’ =O. (64) 
Taking a=1, only three constants, }, /,, and m,, remain to be evaluated. 
From the trace of Path V on the surface of the plow bottom the following 
data were obtained: 
, al 

13-55 

20.05 

27.15 


Substituting these values for x’ and z’ in equation (64) gives three equa- 
tions from which 


b=—0.019 
1, =— 0.453 
m= 8.63 
(x’)?— 0. 019(z’)?— 0. 453x’2' + 8. 63x’ =O. 


Translating the axes back to the original origin, 


x’=x— 7.65 
2’=2z—11.6 
gives 
x?— 0, O1927— 0. 453%2— 1. 45X+ 3. 912— 49. 92= 0. 
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To determine the values of the constants in 
ax? + by? +lx+my+d=0, (45) 


the origin is moved to, x=7.65, y=0.2. This changes the form of the 
equation to 
a(x’)? +b(y’)? +1,x'+ my’ =O. (67) 


Taking a=1, three constants remain to be evaluated. From the trace 
of Path V upon the surface of the plow bottom, 


Substituting these values of x’ and y’ in equation (67) gives 


a= I 
b= 4.29 
1,= — 30. 85 
m,=— 3.67 
(x’)?+ 4. 29(y’)?— 30. 85x’ — 3. 67y’=O. (68) 


The axes are translated back to the original origin by substituting 


x=x'— 7.65 
y=y'—0.2 


in equation (68), which gives 
+4. 2907— 46. 15%— 5. 39v +295. 45=0. (69) 
NUMERICAL EXAMPLE 


The surface of a plow bottom is represented by the equation 


0.54%? — 1.527? + 1.1227— 3.69yz— 1.62%2 + 2.04%y 
+ 53.63%+ 114.90y— 46.42+ 49.4=0. 


The motion of a soil particle which passes upon this bottom at the point 
x=6.9, y=0.2, z=9.5 is described by the following equations: 


2=0.00001622(s?— 45.55 + 342)? +5 (70) 
— 0.1192? — 1.126%2+ 20.78% + 10.03z— 201.63 =O (71) 
x? + 1.87? — 42.41%—1.5y+ 245.25=O (72) 


s= vt, (47) 
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From equations (70), (71), (72), and (47) the following are obtained: 


TABLE VIII.—Values (in inches) for— 





s 2 x y 





18 18. 4 7.55 3.6 
27 27.4 Ir.5 8. 25 
36 36.0 19. § II.0 

















2=0.00001622(v7#?—45.5vt-+342)?+vt (73) 

4 =0.00003244{(0*#—45.50t-+342)(20%—45.50)]+0 (74) 

#7 =0.00003244[ (09 —45.5ut-+342)(20*) + (2044—45.50)" (75) 
(.2382+1.126x— 10.0 vs 

p  atinanti-nee 375i (76) 





a 2x—1.1262+20.78 


~ 10.03) -a( 42)? +0.258(44)*42.052(4) (#2 
i. een 10.03) 73 2 a) +0.238 a) +2.45 7) 3) (77) 
2x—1.1262-+4-20.78 





dx 
dy_(—27 442-41) (78) 
dt 3.6y—1.5 


7 #:_4(4)*_. «(4 
dy _‘ ax-+42.41) 75 2 a) 3.6() 
dt? 3-6y—1.5 


(79) 





The plow moved forward with a velocity of 36 inches per second, giving 
$= 36t (80) 


From equations (74), (75), (76), (77), (78), (79), and (80) the values 
listed in Table IX are computed. 


TaBLe [X.—Values for— 








dx dz dy d"y dz @2z 
. . dt af a a? dt a 
Sec. 
18 4% 7.09 53- 6 16.9 28.4 37-7 — 9.07 
27 % 25.15 47-75 17. 32 — 50.0 34: 44 —10. 21 
36 I 38.4 41.6 3-44 —74.8 36 29. 52 
































By making the proper substitutions from (80), (74), (76), and (78) in 
equations (54), (57), (58), amd (59) the values of the direction cosines 
for the normals N the tangents to the path T, and the perpendiculars 
to the planes formed by the normals and tangents R for three points 
are computed and listed in Table X. 
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TABLE X.—Valwes of the direction cosines for normals, tangents to the path, and per- 
pendiculars to the planes 


2=7.55 ym3.6 218.4 





cos N,= 0.549 cos T,= 0.169 cos R,= 0.817 
cos Ny= . 716 cos Ty= .4025 cos Ry=— . 564 
cos N,=— . 429 cosTj= .9 cos R= .0977 











211.5 yprs8.25 227.4 





cos N,= 0.728 cos T,=o. 546 cos Ry== 0. 4145 
cos N,=  . 229 cos Ty= . 376 cos Ry=— .897 
cos N,=— . 646 cos T,= . 749 é cosR,= .149 











219.5 ymir z=36 





cos N,= 0. 698 cos T,=o. 728 cos Rx= 0. 102 
cos Ny=— .215 cos Ty= . 065 cos Ry=— .975 
cos Ns=— . 683 cos T,= . 683 cosR,= .2 





For the purpose of computing the forces a block of soil 2 inches wide, 
1 inch long, and ¥% inch thick is taken. The mass of this soil is 


_ (2.1.5)62.5p 0.03629 (81) 
~ 1728.32.2.12 32.2.12 





p= density. 


By the proper substitutions from Tables IX and X into equations (60), 
(61), and (62) the forces necessary to produce the accelerations are com- 
puted and listed in Table XI. 


TABLE XI.—Forces necessary to produce acceleration in soil particles 


x= 7.55 y= 3.6 2=18.4 
Fy= 005039 Fr= .oorr6p FR= .00252p 
X=II.5 y= 8.25 2=27.9 
Fy= .00281p Fy= .000248p FR= .00592p 
X=I9.5 y= 2==36 
Fy= .002349 Fy= .00428p FR= .00778p 


A soil particle in passing over the surface of the plow bottom will be 
acted upon by the following: 

(a) A force from the surface of the bottom acting in the direction of 
the normal. 

(6) Gravity. 

(c) Pressure from the weight of the soil above the particle. 

(d) Friction between the particle and the surface. 
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(e) Shearing, stretching, or compression on each of the remaining five 
sides of the particle, due to its contact with other soil particles. 

The force which produces the movement of a soil particle in any direc- 
tion will be the resultant of the components of the above-listed forces 
which act in the direction of the movement. 

The preceding analysis of the motion which certain soil particles 
have in the operation of plowing has not been developed from as refined 
methods nor as uniform data in all cases as could be desired, but the re- 
sults obtained furnish abundant evidence that the problem here at- 
tempted is by no means hopeless. The study should be continued upon 
a tough sod, which would stretch more uniformly, and some apparatus 
which would remove the necessity of certain soil particles remaining in 
line with each other should be substituted for the pins. 


HISTORY OF THE DEVELOPMENT OF PLOW BOTTOMS 


The Annual Report of the New York State Agricultural Society for 
1867 contains an ex- 
cellent treatise giving rf 
the geometrical con- 
struction of the sur- 
faces of many histori- 
cal plow bottoms, but 
no attempt has been 
made in that report 
to classify these sur- 
faces upon the basis 
of their mathematical : 
forms. Using the above-mentioned work as a basis, the author has 
attempted to work out the mathematical forms of the most important 
of these historical surfaces with a view to making fundamental compari- 
sons with present-day plow bottoms. 











from Report NY Stote Agric. Soc. 1867 


Fic. 15. 


JEFFERSON’S PLOW BOTTOM 


In 1788 Thomas Jefferson, while making a tour in Germany, devel- 
oped what appears to be one of the first methods recorded for making the 
surface of the moldboard geometrically exact in form.' He argued that 
the offices of the moldboard were to receive the soil from the share and 
invert it with the least possible resistance. In order to do this, Jeffer- 
son developed a surface which he considered best adapted for the work 
of plowing, but attention should be called to the fact that no evidence 
is offered to prove the assertion. Figure 15 shows the framework for 
generating the Jefferson moldboard, in which lines em and oh are the 
directrices. To generate the surface a straightedge is laid upon eo and 


1Goutp, J.S., etal. Op. cit., p. 403. 
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moved backward, the straightedge remaining parallel to the plane 
z=O. By taking the point o as the origin, the equation of the surface is 


3byz— 2dxz— 2bly + 2bdz=O* (82) 
b=breadth of furrow 
d=depth of furrow 
l/=length of moldboard. 


On rotating the X Y-axes through tan~= 2d/3b, the equation is 
(9b? + 4d?) y’z— 4bdlx’ — 6b*Lly’ + 2bd-/9b? + 4d°z=O. (83) 
On rotating the Y’Z-axes through tan-'14 -/2, the equation is (9b?+ 4d") 
[(y")?— @)'1- Sb’ 
+ 2(bd-/ 18? + 8d? — 3b4%-/2)[y’"’ +2']=0. (84) 
Translating the axes to the points 


yl =y’"' +H 
2’=2z"’ +2 


where y, has such a value that 
2(9b? + 4d") yo+ 2[bd-/ 1867+ 8d — 3b4-/2]=0, (85) 


and z, has such a value that 


— 2(9b? + 4d") 29+ 2[bd-+/ 18? + 8a? — 3b71-+/2]=0, (86) 


gives 
(9b? + 4d*)[(y’’’)?— (2’")"]— 8bdlx’ + (y.?— 262) (9b? + 40°) 
+ (Jo+ 20) (2bd-) 180? + 8d? — 36-2) =O. (87) 
Letting the constant terms in (87) equal C gives 
(ob? + 4d*)[(y’’’)?— (2’’)?]— 8bdlx’ + C=O. (88) 


Translating the axes to the point x’=x’’+ x, where x, has such a value 
that 
—8bdix, +C=O 


(98 + 4?)[(y'"’)?— (2’")?] = 8bdlx!’. (89) 
This is the equation of a hyperbolic paraboloid.? 


gives 


LAMBRUSCHINI’S PLOW BOTTOM 


Lambruschini,’ an Italian, describes a method for generating the sur- 
face of a plow bottom which he considered to be more efficient than 
the surface developed by the Jefferson method. Lambruschini proposed 





1 The method of developing the equation for this surface is given upon pages 150 to 156. 
SNYDER, Virgil, and Stsam,C. H. Op. cit., p. 73. 
* LAMBRUSCHINI, R. Op. cit., p. 37-80. 1832. 
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a helacoid generated as follows: Lay out a rectangle opan (fig. 16) twice 
the desired width of the furrow and of an empirically determined length. 
Take the point m midway between points o and p and draw the line mm, 
parallel to pg. A straightedge laid upon mo and moved backward along 
the line mm, being kept 
parallel to the plane 
z=O, and with an 
angular rotation pro- 
portional to the move- 
ment toward m,, gen- 
erates the surface of 
the Lambruschini bot- 
tom. The point of the straightedge which was at o will describe the 
helix 00,q (fig. 16). The equation of this surface is 


Law tan 6, 
% 

















where @ has uniformly increasing values as z increases. 


Then @=f (z), when 9=90°=— radians, 
l=length of line mm, 


n 
l 


C=> 


Hence, z = tan( $2), (90) 


SMALL’S PLOW BOTTOM ! 


About 1760, a Scotchman, James Small, established a factory in 
Scotland for the manufacture of plows. The surface of Small’s mold- 
board is obtained by 
laying a_ straightedge 
upon op (fig. 17) and 
moving it backward 
parallel to the plane 
z=0O, with the line pm 
and the curve oh as 
directrices. The equa- 
tion of the curve, a half 
catenary, isobtained by 
drawing a line og (fig. 18) the length of line og (fig. 17). Ato erect a line 
00, perpendicular to line og and equal in length to line gh (fig. 17). 














From Report of MY. State Agric. Soc, 1867 
Fic. 17. 





1Goutp, J.S., etal. Op. cit., p. 415. 
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Through point o, (fig. 18) draw a line o,h parallel and equal to line og. 
With h and o as points of suspension describe a catenary with its lowest 
point at O. Taking the point O (fig. 18) as origin, the equation of the 
catenary is 
yas (eae + ena /Sbay, (91) 
a=0Og. 


Transferring the origin to the point o gives 
y=5 a (c2l#/Sba4 ¢—2ln /Sba) _ q (92) 


as the equation of the catenary oh (fig. aia The equations of line pm 
(fig. 17) are 

y=O 

x=b. 











$iz 


Fic, 18. 





Any plane parallel to the plane z=O is given by z=c, and this plane cuts 
the line pm at the point 


It also cuts the catenary oh at the point 
36. 
al° 

=f() 


2=C. 


%= 


The equation of the line in the plane z=c which cuts the line pm and the 
catenary oh (fig. 17) is 

s-b yO 

oe b ~{@-0O (93) 


«-vf@)-¥ Se-b)=0 (94) 
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As this line is always parallel to the plane z= 0, it follows that c= z and 
fo) =/@). 
From equations (92) and (94) then, 
(x— » ¢ (c2!#/3ba 4. 218 /Sbay _ a |- (Fe ms b) =O, 
which is the equation of Small’s moldboard. 
STEPHEN’S PLOW BOTTOM * 


About the same time that Small brought out his moldboard another 
Scotchman named Stephens developed a method for forming the surface 


3. ' 
NSA trom Report of NY Stote Agric Soc. 1867 














from Report of NY State Agria. Soc. 1667 
Fic. 21. 

of a moldboard the general plan of which is shown in figure 19. The 
generator for this surface is a straightedge laid upon op (fig. 19) and moves 
backward parallel to the plane z=O with the line on and the curve ph as 
directrices. Stephen designed his surface by taking a quarter cylinder 
opmnhg and laying out p,m, (fig. 20) equal in length to pm (fig. 19). 
Perpendicular to line p,m, draw m,h, equal to the length of arc mh (fig. 
19). Through points p, h, (fig. 20) pass a circle of radius 2nb. The plane 
figure p,m,h,h, (fig. 20) is then laid upon the quarter cylinder (fig. 19) 
so that /, falls upon p, m, upon m, and h, upon h. This will locate the 
curve ph (fig. 19), leaving a figure as shown in figure 21. It will be 





1Goutp, J. S., etal. Op. cit., p. 431. 
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observed in figure 21 that = y tan 6 where @ has gradually increased values 


from O at z=Oto go° at z=/. Further, o=5, radians where y represents 


the lengths of arcs 11’, 22’, etc.; then Z—tan (;). From figure 20 the 


equation of the circle with its center at O, taking /, as the origin is 
— FY? + 2+ G)= 4n*b? (96) 
y=F + y4n'b’— (@—G)? (97) 


d+ y= 90°; 
B+B’= 90° 
a+B’+ y=180°; 
¢@=a—B; 


22 
si at 76) 
4 nb 


- : +7 (98) 
py ee 


4 
G=2nb sin ¢ 


nb] 4n*b?— (C+ =) 
l 


3 “ane (99) 
"= 
Substituting the values for F from equation (98) and for G from equation 


(99) gives 


In figure 20 


F=o2nb cos @ 














=tan [/(z)], (100) 


which is the equation of the surface. 
RAHM’S PLOW BOTTOM! 


In 1846 Rev. W. L. Rham, an Englishman, brought forward the 
theory that the lines of the moldboard running in the longitudinal 
direction should be 
straight, but that the 
section of the mold- 
board formed by any 
plane z=c (fig. 22) 
should be a straight 

From Report of N. Y. State Agric. Soc. 1867. line or a curve, ac- 

Fia. 22. cording to the phys- 

ical characteristics of the soil to be worked. Mr. Rham agreed that 
for medium, mellow soils the surface of the moldboard should be 

















1 Gounp, J. S., etal. Op. cit., p. 442. 
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generated by laying a straightedge upon oe and moving it backward ~ 
parallel to the plane z=O with the lines e,h and em as directrices. 
This surface will be a portion of a hyperbolic paraboloid, the same 
general type as the surface which Jefferson proposed. The orthogonal 
projection of the generator in various positions upon the plane z=O 
will look as shown in figure 23. For stiff, clay soils the lines (fig. 24) 


Bb h Eee 


e o e 0 e v7) 
From Report of N.Y. State From Report of N. Y. State From Report of N. Y. State 
Agric. Soc. 1867 Agric. Soc. 1867 Agric. Soc. 1867 
Fic, 23. Fic. 24 Fic. 25. 


are made concave and for loose, sandy soils (fig. 25) they are made 
convex. As no exact description was given regarding the shape of 
the curves (fig. 24, 25), it has not been possible to develop equations 
for the surfaces. However, as it is known that these surfaces have 
straight lines in one direction and can not be described by an equation 
of the second order, they are of the fourth order or higher. 

KNOX’S PLOW BOTTOM! 

In 1852 Samuel A. Knox, of Worcester, Mass., applied for a patent upon 
the surface of a plow bottom which was certainly unique. The skeleton 
of this surface is shown 
in figure 26. The seg- 
ments of circles I, 
II, and III are placed 
in parallel planes 12 
inches apart, so that a 
series of straight lines 
will cut the three cir- 
cles. Circles I and III 
have equal diameters 
and the diameter of 
circle II is one-half 
that of circles I and 
III. As the equation of this surface is of the eighth order, it will not be 
worked out in detail, but a development will be given to show how the 
equation could be obtained. 

Let the equation of the three circles be ? 

#+y=R? 
z=0, 


(x—a)?+ (y— w-(2) 


z=k; 











From Report of WM ¥ Stale Agric. Soc. 1867 


Fic. 26. 





1Goutp, J.S., etal. Op. cit., p. 49s. 
§ This development is the work of Virgil Snyder, Professor of Mathematics, Cornell University. 
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and (x—c)?+ (y—d)?=R 
z= 2k. 


Draw the line from a point (x,, y,, 0) on the first circle toa point (x,, y,, 2k) 
on the third. Its equations are 


ke ye, 
_ — , 
%y—%, Y2—-Y 2k 


from which 





2k(x—x,) +2(x,—Cc) eee 


c 
Zz ’ 





2k(y—) +2(y,—4) ae 
rs : 


—d. 


Since 
(x,—c)? + (y,—d)?= R’, 


. we have, after simplifying, 


4k? (x—%,)? + (y—9,)"] + 4h2[(x—%,) (x,—c) 
+ (y-—n)(1- D+ 27[(%,-cP +(%4—-d?—-RJ=O. = (101) 


This is the equation of a cone with vertex at (x,, y,,O) and passing through 
the third circle. 
In the same way, find the equations of the line from (x,, y, O,) to 
(xs, V3, %) on the middle circle 
Aa A deed. OJ 
%—% W—-H k’ 
k(x—x,) +2(%,—a) 
2 
k(y we b) = 3-0. 


=X,—a, 





Since 


(%4—a)*+ (y9-b=(F)" 


we have, after simplifying, 


P[(x—%,)? + (y—4,)"] + 2ke[(x— %,) (x, —@) R? 
+O-Ho-yite| mat (.-59-S |=0. (202) 


When equations (101) and (102) are multiplied out, it will be seen that 
x*,, °, always enter in the form x*,+7*,=R’. By substituting R’ for 
x’, +7, in each, the equations are of the form 


Ax,+ By,=C, 
A'x,+ B’y,=C"'. 
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Solve these equations for x,, y, and put their values in 


#.+7,=R’. 
A =[4k2(x+ c) — 2c2*— 8xk"], 
B=[4kz(y+ d) — 2d2*— 8yk?], 
C=[4R°k? — 4h? (x? + y*) — 4kxz— 4kzy— 4kR22+2(2+)] 
A‘! =[2k2(x+ a) — 2xk?— 202"), 
B’=[2kz(y+b) — 2yk?— 2b2"], 


C’= [RiP + B+) — gke(axt by— RY) ++ P+ SR) 


«eS 
~ AB’—A'B’ 


% 


_C’A—CA’ 
= AB’ AB" 
hence (B’C— BC’)?+ (C’A—CA')?= R*(AB’— A’B)?, (103) 


CYLINDRICAL PLOW BOTTOMS 


In 1854 an American, Joshua Gibbs,’ patented a plow bottom the 
surface of which is a portion of a circular cylinder. Taking a point upon 
the axis of the cylinder as the origin, the equation of this surface is 


(104) 


In some foreign countries, notably Germany, the hyperbolic cylinder has 
been suggested as suitable for forming the surface of the moldboard. In 
this connection it is interesting to note that any cylindrical surface can be 
described by an equation of the general form. 


ett =O (105)? 


MEAD’S PLOW BOTTOM 2 


In 1863 a Mr. Mead, of New Haven, Conn., patented a plow bottom, 
the surface of which conformed exactly to a portion of a frustrum of a 
cone. The general equation of this surface is 


x 2 
ta 0 aaa 


HOLBROOK’S PLOW BOTTOM 


The Report of the New York State Agricultural Society for 1867 con- 
tains a very complete report of the plow trials held at Utica, N. Y., 
in 1867, at which trials a line of plows designed by F. F. Holbrook, of 
Boston, Mass., showed general superiority to all other makes. The 





1Goutp, J.S., etal. Op. cit., p. soa. %Goutp, J.S., etal. Op. cit., p. sos. 
3 SNYDER, Virgil, and Sisam,C. H. Op. cit., p. 82. 
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following quotation gives a very good description of the Holbrook sur- 
faces: 

We ! were interested in the most minute details of these plows by Gov. Holbrook 
and the trials at Utica and subsequently at Brattleboro, Vt., showed very clearly the 
influence of the warped surface which is generated by his method upon the texture 
of the soil. Gov. Holbrook is as yet unprotected by a patent on his method, and we 
are therefore most reluctantly compelled to withhold a description of it but we have 
no hesitation in saying that it is the best system for generating the true curve of the 
moldboard which has been brought to our knowledge. This method is applicable to 
the most diversified forms of plows, to long or short, to broad or narrow, to high or 
low, no matter what the form may be, this method will impress a family likeness 
upon them all. There will be straight lines in each running from the front to the 
rear and from the sole to the upper parts of the share and moldboard. None of these 
lines will be parallel to each other, nor will any of them be radii from a common cen- 
ter. The angle formed by any two of them will be unlike the angle formed by any 
other two; a change in the angle formed by any transverse lines will produce 
a corresponding change in the vertical lines, and there will always, in every 
form of this plow, be a reciprocal relation between the transverse and vertical ? lines. 
Plows made upon this plan may appear to the eye to be as widely different as it is 
possible to make them, and yet, on the application of the straightedge and protractor, 
it will be found that they agree precisely in their fundamental character. The 
surface of the moldboard is always such that the different parts of the furrow slice will 
move over it with unequal velocities. 


From the above description it is evident that the surfaces of the Hol- 
brook plows are portions of a hyperboloid of one sheet whose general 
equation is 

# Sf # 
e'e a" 
MISCELLANEOUS PLOW BOTTOMS 


In addition to the surfaces already described there remain at least 
three which show unique characteristics, but data were not available for 
developing the equations. 

In 1818 Gideon Davis,’ of Maryland, patented the surface of a plow 
bottom which was obtained by using the segment of a circle as a gen- 
erator and two segments of another circle as directrices. Somewhat later, 
1834, James Jacobs,‘ another American, brought out a plow bottom the 
surface of which was a combination of two mathematical surfaces, each 
of which had sets of straight lines in two directions. 

In 1839 Samuel Witherow, of Gettysburg, Pa., and David Pierce, of 
Philadelphia, Pa., brought out a plow bottom whose surface was gen- 
erated by the most ingenious use of the arc of a cycloid. A more detailed 
description of this plow can be found in the Report of the New York 
State Agricultural Society for 1867.5 





1Gounp, J. S., etal. Op. cit., p. 586. 

2 It should be noted that the lines here called transverse are designated as longitudinal (PI. 2, A), and the 
lines called vertical are designated as transverse. 

3 GouLtp, J.S., etal. Op. cit., p. 452. 

*Idem, p. 486. 

5 Idem, p. 4or. 





PLATE 6 


A.—A plow bottom with two sets of straight lines. 

B.—A plow bottom, the surface of which is composed of each of two surfaces. 

C.—A plow bottom similar to B, but with the surfaces merging into each other 
farther back on the moldboard. 


D.—A plow bottom, the surface of which does not contain an infinite set of straight 
lines. 





Study of Plow Bottoms PLATE 6 






































Journal of Agricultural Research Vol. X11, No. 4 








PLATE 7 


Study of Plow Bottoms 
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PLATE 7 


A.—A plow bottom with a convex surface which has two sets of straight lines. 
B.—Instrument for measuring the space coordinates of any point of the plow bottom. 


C.—A sod plow showing the furrow slice turned by it, 








PLATE 8 


A.—Rows of wooden pins driven into the sod for estimating the stretch of the fur- 
row slice. 
B.—Furrow slice showing the position of the pins when on the moldboard. 








Study of Plow Bottoms PLATE 8 

















oe 








Journal of Agricultural Research Vol. X11, No. 4 








Study of Plow Bottoms PLATE 9 
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PLATE 9 


A.—Plow showing attachment used to obtain the x, y, and z coordinates of points in 
the furrow slice. 

B.—Moldboard showing the paths of five soil particles. 

C.—Measurement of the angle Ny by use of a protractor and a plumb bob. 











INFLUENCE OF NITRATES ON NITROGEN-ASSIMILAT- 
ING BACTERIA’ 


By T. L. Hus,” 
Research Bacteriologist, Idaho Agricultural Experiment Station 


INTRODUCTION 
RELATION OF NITRATES TO VARIOUS FORMS OF PLANT LIFE 


The importance of nitrogen to plant life can not be overestimated. 
It is one of several elements essential to plant growth, one, moreover, 
which is apt to be deficient in arable soils. These facts are well brought 
out by the almost innumerable investigations which have been made 
concerning the source of nitrogén for plants. 

The influence of nitrate nitrogen on various plants has been the con- 
trolling idea in many of these experiments. Very little attention has 
been placed on the effect of nitrates on the lower plants, especially the 
bacteria. Because of the relation that exists between higher plants and 
bacteria it seems advisable to consider the effect of nitrates on the soil 
bacteria. Indeed, progress in the knowledge of nitrogenous fertilizers 
depends on a study of the effect of the fertilizer on the soil organisms as 
well as on the higher plants. The action of fertilizers on the different 
groups of soil organisms, the relation of these organisms to higher plants, 
and the separation of the important from the unimportant groups are 
some of the factors involved in the problem of soil fertility. 


REVIEW OF LITERATURE 


The relation of nitrates to the germination of seeds has been studied 
by De Chalmot (rr)*, who found that corn germinated in solutions con- 
taining nitrate was more robust than corn germinated under similiar 
conditions without nitrate. He also noted that if too concentrated 
solutions of nitrate were used germination was retarded rather than 
hastened. The presence of nitrate also increased the amount of al- 
buminous material in the seed. 

The direct influence of nitrate nitrogen on the growing plant is too 
well known to justify any lengthy discussion here. Jost (26, p. 134) 
gives the results of experiments made by Boussingault, who grew the 
sunflower (Helianthus argophyllus) in sand with and without nitrate. 








1Major portion ot a paper submitted in partial fulfillment of the requirements for the degree of doctor of 
philosophy in bacteriology in the Graduate School of the University of Wisconsin, December, 1916. 

2 The writer wishes to acknowledge his appreciation oi the suggestions and criticisms obtained through- 
out the progress ot this work from Prof. E. B. Fred and E. G. Hastings, of the University of Wisconsin. 

3 Reference is made by number (italic) to “ Literature cited,”” pp. 227-230. 
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During the three months’ growth of the plants 1.40 gm. of potassium 
nitrate were added. At the end of the period the dry weight of the 
plant supplied with nitrate was nearly 60 times greater than that of the 
plant where no nitrate was added. The relation between the growth of 
nonleguminous plants and the amount of nitrate nitrogen supplied is 
shown in a very striking manner in the following table taken from Hell- 
riegel and Wilfarth (27, p. 53-54): 





Nitrogen as Ca (NOs)s added to pots, 
None 0. 056 oO 112 © 168 0. 224 ©. 336 


oats f 5 10. 9814 


“ 5- 8510 
gn.. “anes 5. 2867 


21. 9732 


ete) asso sgt sean 























But little work has been done on the direct influence of nitrates on the 
development of the Eumycetes. Some investigations have been made as 
to the ability of certain fungi to assimilate nitrate nitrogen directly. 
Ritter (42) studied many species and found that some forms would 
assimilate nitrate directly, while others reduced it to nitrite and am- 
monia. He found some forms which failed to grow on media containing 
nitrate. Kossowicz (28) found that various fungi utilized nitrates and 
that nitrite and ammonia were produced. 

Miinter (36) studied the influence of inorganic salts on the growth of 
various Actinomycetes. He found that potassium and sodium nitrates 
in quantities equivalent to 5 per cent permitted good growth of the 
organisms but retarded spore formation. Calcium, barium, and stron- 
tium nitrates in small quantities affected some species but not others. 
Small quantities of these nitrates did not affect growth to any extent, 
but larger quantities were detrimental to growth and spore formation. 
Silver nitrate in all amounts studied almost entirely prohibited growth. 

Nitrates appear to exert some influence on the yeasts. Drabble and 
Scott (13) studied the effect of sodium nitrate on these organisms. They 
found that the greatest reproduction took place in solutions containing 
0.2 gram-molecule of the nitrate. Increasing amounts of the salt led 
to a decrease in reproductive activity until with 0.7 gram-molecule 
present no reproduction took place. From their results it is evident 
that small quantities of nitrate stimulated reproduction, whereas larger 
amounts proved detrimental. Kayser (27) studied the effect of man- 
ganese nitrate on yeasts. He found that the amount which produced 
the maximum increase in the alcoholic fermentation of sugar varied with 
the strain of yeast employed. He likewise found that manganese nitrate 
produced greater increase than did the same quantity of potassium ni- 
trate. Fernbach and Lanzenberg (14) concluded that nitrates hindered 
the rapidity of cell multiplication of yeasts but greatly accelerated the 
action of the zymase. More alcohol was formed in the presence than in 
the absence of nitrate. According to Kossowicz (28), nitrates are not a 
suitable source of nitrogen for yeasts. 
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The direct influence of nitrates on bacteria has been studied to a limited 
extent. The influence of various nitrates on soil bacteria has been 
studied by Greaves (19). He added sodium, potassium, calcium, mag- 
nesium, manganous and ferric nitrates to soil in varying quantities. 
The amount added to the soil was such that in each case equivalent 
quantities of the anion (NO,) in the various forms were added. The 
effect of these salts on the bacteria was determined by using ammonifi- 
cation as an index of the bacterial activity. He found that sodium- 
potassium, manganous and ferric nitrates in small amounts, approxi- 
mately 0.97 to 5.5 mgm. of nitrate in 100 gm. of soil, slightly stimulated 
ammonification. Greater concentrations of these salts proved toxic as 
evidenced by a decrease in the amount of ammonia formed. Sodium 
nitrate was much more beneficial to ammonification than potassium 
nitrate. From his results as a whole Greaves concludes that it is the 
electronegative ion which stimulates bacterial activity. Calcium and 
magnesium nitrates proved toxic in all concentrations studied. 

However, a majority of the investigations have been directed toward 
a determination of the effect of the bacteria on the nitrates. But little 
work appears to have been done on the direct action of nitrates on 
bacteria. Pfeffer (38, p. 351) cites some experiments showing the 
repellant action of potassium nitrate toward certain bacteria. Spir- 
illum undula was repelled by a solution of potassium nitrate having an 
osmotic concentration equivalent to 0.5 to 1.0percent. With Spirtllum 
volutans a much higher concentration was necessary to bring about the 
same reaction. It was found that different organisms required different 
quantities of the same nitrate to repel them. 

It can be readily seen that by far the greatest amount of work on the 
relation of nitrates to plant growth has been done in the realm of the 
higher plants. Obviously further investigations should be made in 
respect to the effect of nitrates on the lower forms of plant life, especially 
the bacteria. In this paper an attempt is made to set forth the results 
secured in a study of the influence which nitrates exert on certain groups 
of soil bacteria, including not only their reproduction but also some of 
their physiological properties. 


EXPERIMENTAL WORK 


OUTLINE OF PROBLEM 


The results of much careful experimentation show that nitrate nitro- 
gen is most readily assimilated by higher plants. As a rule it seems to 
stimulate the plant to increased activity. In some cases this is un- 
doubtedly due to increased nutrition, while in others it is a result of 
nuclear stimulation with a consequent cell multiplication. No sharp 
line can be drawn between these two effects. Probably one overlaps 
the other, and the increased growth of the organism can be attributed 
to a combination of the two actions. 
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From a practical standpoint the relation of nitrates to the nitrogen- 
assimilating organisms of the soil is of importance. Hence, it was 
arranged to study the effect of nitrates on soil bacteria, especially those 
forms concerned with the fixation of atmospheric nitrogen. The work 
naturally falls into two rather distinct lines of investigation. First, the 
influence of nitrates on Azotobacter was determined. Here studies were 
made of the effect of nitrates on the growth of the organism in soil and 
also the effect of these salts on the nitrogen-fixing property of these 
bacteria. The action of Azotobacter on nitrates in solution, the relation 
of nitrates to pigment production and to the formation of volutin bodies 
were studied. Second, the influence of nitrates on the growth of Bacillus 
radicicola in soil was studied. The action of B. radicicola on nitrates in 
solution and the possible nitrogen-assimilating properties of the legume 
in the presence of nitrates were investigated. Also the influence of 
nitrates on gum production was determined. The latter part of the 
investigations included a study of the relation of nitrates to nodule 
formation on alfalfa. 


METHODS USED IN EXPERIMENTS 


Nitrates were determined by the reduction method with Devarda’s 
alloy and also by the phenolsulphonic acid (colorimetric) method. 

The total nitrogen content of all samples was determined by the 
modified Kjeldahl method with sulphuric acid, salycilic acid, sodium 
thiosulphate, and copper sulphate. Where nitrate nitrogen was present, 
50 ¢. c. of concentrated sulphuric-salycilic acid (25 c. c. of concentrated 
acid plus 25 c. c. of distilled water) were added to the cultures slowly 
and with constant stirring. This acid was allowed to react for a few 
days, after which the usual procedure was carried out. Digestion was 
continued for five to six hours subsequent to the clarification of the 
liquid. 

The amount of ammonia was determined by dist ilation with steam 
in the presence of magnesium oxid. 

Nitrites (qualitative test) were tested for with Trommsdorf’s reagent. 

In all distillations N/14 acid and alkali were used. 

In the preparation of agar cultures of alfalfa seedlings the seeds were 
treated with a 0.25 per cent solution of mercuric chlorid and rinsed in 
sterile distilled water. Three bacteria-free seeds were transferred to the 
surface of soft mannit agar (0.7 per cent agar) in each tube. 

The nitrates were added in solution to all cultures. Gram-molecular 
quantities of potassium, sodium, calcium, and ammoniun nitrates 
(Merck’s) were weighed into sterile distilled water. ‘These solutions 
were prepared in such a manner that 5 c. c. contained 450 mgm. of 
nitrate. In all nitrate solutions the nitrate radical, or anion, was 
present in the same quantities, while the cation, or metal, was present 
in varying quantities, depending upon the particular salt. 
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Plate counts of all soil cultures were made by weighing 20 gm. (dry 
weight) of the soil into a 200-c. c. water blank. From this suspension 
all subsequent dilutions were made. Mannit agar‘ was used for the 
plate counts in the cultures of Azotobacter and B. radicicola. Duplicate 
plates were made for each dilution poured. 


SOIL USED 


Only one type of soil was employed, Miami silt loam obtained from 
the Experiment Station farm. No chemical analyses of the soil were 
made other than an estimation of its organic matter content, which was 
approximately 2.75 per cent. The soil was neutral in reaction and its 
nitrate content was approximately 1.5 mgm. of nitrogen as nitrate in 
100 gm. of the dry soil. 


ISOLATION OF AZOTOBACTER AND BACILLUS RADICICOLA 


AZOTOBACTER.—(1) Strain A was isolated from a silt loam soil. This 
strain grew well on mannit agar, but produced no pigment after three 
weeks’ growth. (2) Strain B was isolated from a sandy loam soil. 
This strain grew equally well on mannit agar and produced a brownish 
black pigment within one week’s growth. Both strains assimilated 
practically the same amount of atmospheric nitrogen under laboratory 
conditions. 

BACILLUS RADICICOLA.—A stock laboratory culture of B. radicicola 
was replated twice before taking the final culture. The nodule produc- 
,ing power of the organism was determined by inoculating bacteria-free 
alfalfa seedlings (in soft agar). After sufficient incubation nodules were 
produced in abundance. 


INFLUENCE OF NITRATES ON AZOTOBACTER 


INFLUENCE OF NITRATES ON THE GROWTH AND REPRODUCTION OF AZOTOBACTER IN 
STERILIZED SOIL 


What effect do nitrates have on pure cultures of Azotobacter in ster- 
ilized soil? Do these salts cause a decrease in the numbers of the organ- 
isms? Do they cause an increase in numbers? Or do they exert no 
particular influence one way or the other? It is difficult to believe that 
the latter could be true, inasmuch as nitrates have such a profound 
effect on higher forms of plant life. Such readily soluble and assimilable 
substances as nitrates could hardly remain without affecting either an 
increase or a decrease in the number of organisms existing in their 
presence, 

With the idea of determining what effect nitrates might have on 
Azotobacter when grown in sterilized soil, the following experiments were 
planned. In this work both strains of the Azotobacter (described on 








1 Frep, E. B. A LABORATORY MANUAL OF SOIL, BACTERIOLOGY. p. 108. Philadelphia and London, ror6. 
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p. 187) were employed and conditions governing the preparation and 
incubation of the cultures were similar in the case of each strain. The 
only variation was the periods used in incubating the cultures. Counts 
were made after one and two weeks’ incubation with strain A and after 
one, two, and three weeks with strain B. 


TABLE I.—Influence of potassium nitrate on the growth of Azotobacter (strain A) in 











sterilized sotl 
— Number of organisms in 1 gm. of dry soil. 
(nitrate 
Culture No. in 100 j 
nd. a ~ After 1 week. Relative. | After 2 weeks. | Relative. 
Mom. pon 8 Per cent. Per cent. 
Ris ° 15, 25, 000 315, 000 
iis | ©} 15,600 935, 000 \ ares 360, 000 \ — 
was 600 I, 500, 000 
a | 2 ee ae ee ae 
| 
ay 25 15, 600 4, 200, 000 12, 350, 000 
Bhi 25 15, 600 5, 000, 000 573 { 10, 750, 000 3, 418 
Bis 50 15, 600 20, 400, 000 27, 750, 000 
8. a 5° 15, 600 18, g00, 000 2, 233 ines raked 8, 210 
Sukie 100 15, 600 II, 000, 06O Q, 000, 000 
10... 100 1s, 600 11, 820, 000 1, 295 9, 150, 000 2, 685 
ae 150 Et Rae miner: - { 25, 000 
12. 150 15, 600 I, 575, 000 19 55, 000 . 
3. 200 15, 600 225, 000 \ P { ° 
14.. 200 15, 600 250, 000 7 ° ° 
£6... 300 15, 600 ° ™ ° 
30... 300 15, 600 ° ° : 








TABLE II.—Influence of sodium 

















nitrate on the growth of Azotobacter (strain A) in 


sterilized soil 














a Number of organisms in 1 gm. of dry soil. 
(nitrate | jmatiianliaess, 
Culture No. in 100 | ; | 
hy, —" After 1 week. Relative. After 2 weeks. Relative. 
Mom. P Per cent. Per cent. 

Bas ° 13, 800 310, 000 425, 000 |) 

ee ° 13, 800 225, 000 as 490, 000 J aed 
sd 10 13, 800 575, 000 875, 000 

Ain 10 13, 800 430, 000 re tes ster —- 
ae 25 13, 800 2, 850, 000 2, 250, 000 

Gis 25 13, 800 5, 800, 000 1, 615 met <tr ree 492 
ae 50 13, 800 15, 200, 000 15, 500, 000 

Bs 4 50 13, 800 12, 750, 000 5: 317 { 13, 300, 000 3) 150 
S 3 100 13, 800 17, 750, 000 9, 850, C00 
10... 100 13, 800 16, 200, 000 \ 6, 335 Is, 750, 000 2, 800 
<a 150 13, 800 550, 000 , COO 
12.. 150 13, 800 400, 000 177 375, 000 sad 
z3.\. 200 13, 800 ° ° 
14.. 200 13, 800 ° “ ° ss 
is. 300 13, 800 ° ° 
16.. 300 13, 800 ° ’ ° ” 
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TABLE III.—Influence of calcium nitrate on the growth of Azotobacter (strain A) in 
sterilized soil 




















‘Treatment Number of organisms in 1 gm. of dry soil. 
(nitrate 
Culture No. in 100 . 
a) “= After 1 week. Relative. | After 2 weeks. | Relative. 
Mgm. Per cent. Per cent. 

ee ° 10, 000 260, 000 } 310, C0 
Bsa: ° 10, 000 330, 000 | — 260, 000 _— 
Sa 10 10, 000 5, 800, 000 975) 000 
4... 10 errr ire. T, 906 I, O90, CCO 36a 
See 25 10, 000 10, 700, 000 Q, 200, 000 
ae 25 10, 000 9, 600, 000 3) 440 8, 600, c00 om 
’ oe 50 10, 000 13, 250, 000 ‘ 13, 200, 000 
: HCAS ey 50 10, 000 11, 600, 000 | 4, 213 12, 600, 000 4, 526 
pe Fe 100 10, 000 6, 600, 000 | 8, 750, 000 
os 100 10, 000 > preapoed | % 548 { » 000, CCO 2,938 
See 150 10, 000 3) 500, C00 i _ { 2, 000, 000 6 
TBs Poncas axe: 150 10, 000 3; 900, 000 | 9254 2, 350, 00O 793 
. | 200 10, 000 ° | P ° \ a 
tA, . oil 200 10, 000 ° | ° 
15. nea beaten 300 10, 000 oO | e ° © 
EA mee 300 10, 000 °| ° 














One hundred and fifty gm. of soil (dry weight) were weighed into 500- 
c. c. Erlenmeyer flasks and the nitrates added in solution, as indicated in 
the following tables. At the same time 1 per cent of mannit was added 
in solution and the moisture content was raised to approximately 18 per 
cent. The flasks were allowed to remain at room temperature for one 
day, when the contents were thoroughly mixed. The flasks and contents 
were then sterilized at 15 pounds’ pressure for three hours. Upon cooling 
they were inoculated with 5 c. c. of a suspension of the organisms in sterile 
distilled water. The cultures were incubated at 28° C. and counts made 
at the intervals already indicated. Mannit agar was used in pouring the 
plates. Each number in the following tables represents an average of 
duplicate plates. Tables I, II, and III show the results of the work with 
strain A and Tables V, VI, and VII the results with strain B. 

It will be seen at a glance that all three nitrates exerted an enormous 
influence on the growth of the Azotobacter. The smallest concentration 
did not appear to exert much influence either in increasing or decreasing 
the number of Azotobacter. There was a slight gain, but it was not so 
marked as that brought about by higher concentrations of nitrates. 
When 25, 50, and 100 mgm. of nitrate were present in roo gm. of soil, 
very large increases were obtained in practically all instances. In one 
instance sodium nitrate caused the greatest relative gain, but the most 
consistent increase was produced by calcium nitrate. Beginning with 
150 mgm. the number of Azotobacter began to decrease. This decrease 
was especially noticeable in the cultures containing potassium and 
sodium nitrates. At the end of the first week, Azotobacter organisms 
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were still found in the potassium-nitrate cultures where 200 mgm. were 
present. However, at the end of the second week the organisms were 
dead. The same concentration of sodium and calcium nitrates proved 
even more toxic. No evidences were secured, indicating that these 
organisms can resist concentrations in excess of 300 mgm. of nitrate per 
100 gm. of soil. 

The question may be raised in regard to the influence of sterilization 
on the nitrate present in the soil, Does the prolonged heating in the 
presence of soil organic matter reduce the nitrate? In order to study 
this point, a few cultures were prepared similar to those already described. 
They were subjected to sterilization under pressure of 15 pounds for two, 
three, and five hours. Nitrate determinations at the end of these periods 
failed to show any reduction. In the presence of 1 per cent of mannit 
the nitrate content remained unchanged during sterilization. 

From these results it is evident that small amounts of nitrate up to 
150 mgm. of nitrate in 100 gm. of soil greatly increased the reproduction 
of Azotobacter. In regard to the toxicity of higher concentrations, 
sodium nitrate appeared to exert the greatest influence in this direction, 
followed by calcium and potassium nitrates in the order named. The 
results of the experiment are recorded in Table IV. 


TABLE IV.—Influence of ammonium nitrate on the growth of Azotobacter (strain A) in 
sterilized soil 











‘Treatment Number of organisms in 1 gm. of dry soil. 
(nitrate 
Culture No. in 100 
dev aah. ee After 1 week. Relative. After 2 weeks, | Relative. 
Mgm. Per cent. Per cent. 
Bivse ° 18, 500 I, 400, 000 i 975, 000 \ ii 
8.5 ° 18, 500 I, 050, C00 I, 100, C00 
aS 25 18, 500 5, 600, 000 |, 5, 000, 000 \ 
Rens 25 18, 500 4, 900, 000 |) 427 3 900, C00 430 
ae 100 18, 500 2, 900, 000 \ 3) 950, 000 88 
Bit 100 18, 500 2, 600, 000 #23 4, 100, 000 3 
ae 200 18, 500 I, 100, 000 8 875, 000 86 
a is 200] 18,500 950, 000 4 915, 000 























That the nitrate radical and not the combined metal was the causal 
agent in the increase in the number of Azotobacter was indicated from 
the results of the next test. Here ammonium nitrate was used. 

It will be seen from the data of this experiment that ammonium nitrate 
caused an increase in the number of Azotobacter when present in small 
amounts. However, the increase in the presence of ammonium nitrate 
was less marked than when equal quantities of the other nitrates were 
used. Since the experiments with ammonium nitrate were not made at 
the same time as the preceding experiments (discussed on pp. 189—190), it 
is possible that conditions varied sufficiently to account for the less pro- 
nounced results. When 200 mgm. of nitrate were present in 100 gm. of 
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soil the number of Azotobacter showed a decrease. Apparently ammo- 





nium nitrate is more toxic than potassium, sodium, and calcium nitrate. 
However, the main point at issue seems fairly well established—namely, 
that the increase in the number of Azotobacter is caused by the nitrate 
radical and not by the combined metal. 


TaBLE V.—Influence of potassium nitrate on the growth of Azotobacter (strain B) in 


Sterilized soil 


























Treat- Number of organisms in 1 gm. of dry soil. 
t 
Culture (nitrate | 
No. oa | | 
r ‘aa ——_ | After x week. |Relative.| After 2 weeks. [Relative, After 3 weeks, a 
soil). } 
| 
Mom. | Per cent | . oval 6 ~ et. 
Ses © | 12, 600 | 235, 000 \ { 112, 500 | 116, 000 
€.. ° 12, | 5 cue tiec’ seat a II, 500 |f ~ _— J - 
ge 750, 000 2, 100, 000 » 000 
.: = = pom | 2 aaeaae le 57° { 2, 250, 000 \1, 950 2, anaes } 916 
i 25 | 12, 600 5) 750, C00 i { I, 575, 000 } I, 700, C0O \ 
.. 25 | 12,600 | 5, 700, 000 | 2, 436 I, 950, 000 1, 581 I, 325, 000 T, 300 
Uo o--] | ress | Ssezeee [fe see fees lho H 355.8 hats 
“* , ’ ? »‘ ” 
- 100 | 12, 600 200, 000 4, 000, 000 2, 500, 000 
Pe 100 12, 600 . 000, 000 1, 320 { 3 $00, 000 \s, 363 { 2, 900, 000 ho, 307 
Sh, 150 | 12,600 | 2, 100, 000 | 2, 000, 000 I, 500, 000 
| Ao 12, 600 1, 900, 000 } 851 { 2, TOO, CCO \, 838 { Pag feos \1, 302 
29: 200 | 12, 600 875,000 || _. 800, coo |} { 650, 000 \ 
14.. 200 12, 600 880, 000 } 373 { 750, 000 f 695 700, 00O 580 
x§.. 300 | 12, 600 ° | ° ° 
365i. 300 12, 600 ° i : { ° \ ? { ° } 1. 
| | 











TaBLE VI.—Influence of sodium nitrate on the growth of Azotobacter (strain B) in 





























stertlized soil 

Treat- Number of organisms in 1 gm. of dry soil. 

ment 
— eeperte | 

_ aoe - - - After 1 week. [Relative After 2 weeks. |Relative.| After 3 wate. | _ 
a»). | 

Mom. P | Per sini Per cent. Per ct. 
ae © | 15, 600 158, 000 ITO, 500 112, 500 
a. ° 15, 600 149, 000 \ 7 i 126, 000 \ arre | 115, 000 \ ae 
ae 10 | 15,600 | 1, 250, 000 \f 1, 750, 000 §, 000, 000 \ 
rer 10 15, 600 ; , 000 \ 737 i I, 350, 000 \:, 310 6, 600, C00 51 997 
8. 25 | 15,600 | 1, 765, 000 |{ 6, 600, c00 \ { 9, 150, 000 
o.. 25 | 15,600 | 1, 825, 000 \,, 165 \ 5, 300, 000 51 029 7, 150, 000 7) 161 
Ee 50 | 15, 600 | 1, 875, 000 3 { 2, 025, 000 ne yeas } 
as 50 15, 600 2, 250, 000 \1, 338 | 3, 040, 000 — 14, 600, 000 13; 423 
ae 100 | 15, 600 | 2, 200, 000 2, 775) 000 5, 800, 000 \ 
20. . 100 | 15, 600 1, 9§0, 000 \1, 350 { 3 200, 000 2, 525 5» 250, 000 4, 860 
at... 150 | 15, 600 165, 000 ; { 530, 000 3 100, 000 \ 
12. 150 15, 600 170, 000 108 | 785, 000 556 2, 750, 00o 2,573 
$8.2 200 | 15, 600 ° \ ° } { ° \ 
Bho. 200 15, 600 ° - | ° . ° ba 
28": 300 | 15, 600 ° { ° \ { ° } 
16.. 300 15, 600 ° } : | ° e ° 7 








27807°—18—— 4 
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TABLE VII.—Influence of calcium nitrate on the growth of Azotobacter (strain B) in 
sterilized sotl 
































Treat- Number of organisms in 1 gm. of dry soil. 
ment sicaitten Rh Ee nie 
Culture (nitrate 
No. in ‘ 
an coy — After 1 week, |Relative.| After 2 weeks. |Relative.| After 3 weeks. — 
soil). | | 
| Mom. | | Per cent.| Per cent. Per ct. 
I. © | 22, 000 905, 000 \f 1, 475, 000 I, 130, 000 
Biss © | 22,000 860, 000 oe { 1, 460, 000 — I, 157, 500 —_ 
3....]| 10 | 22,000 | 23, 200, 000 423 28, 000, 000 2. 181 [4341 050; 000 pom 
node IO | 22,000 | 19, 600, 000 » 36, 000, 000 |/~’ 34, 600, 000 jf? 
Si, 25 | 22,000 | 17, 200, 000 52, 000, 000 29, 750, 000 
o.. 2 22,000 | 19, 600, 000 2, 084 43, 500, 000 3? 22, 250, 000 2,273 
oe 50 | 22,000 | II, 800, 000 22, 500, 000 30, 400, 000 |} 
WiviesNa 50 | 22,000 | 14, 000, C00 1, 461 20, 000, 000 1, 448 29, 850, 000 2, 633 
Q....]| 100 | 22,000] 7, 500, 000 12, 000, 000 21, 750, 000 
10....] 100 | 22,000 | 11, 000, 000 od WRAY 818 18, 950, 000 1, 780 
II....] 150 | 22,000 | 2, 550, 000 | 342 5) 300, 000 goa || * 800, 000 420 
I2....| 1§0 | 22,000 3, 500, 000 | at: amma | ERA er caer 
13....| 200 | 22,000 107, 500 a 2, 750, 000 ~~ 130, 000 as 
14....] 200 | 22,000 7) a 3) 225, C00 3 120, 000 
15....{ 300 | 22,000 | ° ° 
160....] 300 | 22,000 2 | - ° a ° ? 























A glance at the figures of Tables V, VI; and VII shows that the small- 
est concentration of nitrate used produced a much more marked relative 
increase in numbers with strain B than it did with strain A. On the 
other hand, the greater resistance of this strain to the higher nitrate 
concentrations is clearly evident. In the potassium- and calcium- 
nitrate cultures the organisms were present in an active state where 
the nitrate was added in amounts equivalent to 200 mgm. of nitrate 
in 100 gm. of soil. However, this same concentration of sodium nitrate 
prevented the development of the Azotobacter. The first five concen- 
trations of all three nitrates caused a very large increase in the number 
of Azotobacter when compared with control cultures where no nitrate 
was added. In one instance an enormous increase was noted after three 
weeks’ incubation in the presence of 50 mgm. of nitrate as sodium nitrate. 

‘This increase far excelled that noted with other concentrations of the 
same salt. The writer can offer no conjecture as to this occurrence. 

Similar results were obtained by the writer in 1914 (23) with a strain 
of Azotobacter isolated-from a silt loam soil at the Pennsylvania Experi- 
ment Station. It was found that soil and liquid cultures containing 
small amounts of potassium, sodium, and calcium nitrates caused an 
increase in the number of Azotobacter in pure culture compared with 
control cultures containing no nitrate. An increasing concentration of 
the nitrates continued favorable to the growth of the organism up to a 
certain limit, but higher concentrations retarded its growth. Finally 
a nitrate concentration was attained at which Azotobacter growth 
altogether ceased. 
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The results of the study of nitrates and their influence on Azotobacter 
in sterilized soil show very clearly that small amounts of nitrate cause 
a great increase in the number of Azotobacter cells. Higher concentra- 
tions are not so favorable to the growth of the organisms, and the highest 
concentrations studied prevented the development of the Azotobacter 
in sterilized soil. 

From a study of the results of these experiments, it seems that the 
increase in number of Azotobacter in the presence of small amounts 
of nitrate is a direct result of nuclear stimulation. Later studies to 
be cited (pp. 205-208) show that nitrates exerted considerable influence 
on the internal structure of the Azotobacter cell. It appears reasonable 
to expect that the nitrate affected the nuclear structure in such a manner 
that an increase in cell multiplication resulted. It seems probable that 
the action of nitrate as a simple nutrient would be shown by a slower 
increase in cell multiplication. 


INFLUENCE OF NITRATES ON THE FIXATION OF NITROGEN BY AZOTOBACTER 


It has been shown in the preceding paragraphs that the presence of 
small quantities of nitrate in sterilized soil bring about a large increase 
in the number of Azotobacter. This increase was noted in the case 
of both strains of Azotobacter. It would be of interest to know whether 
the increase in bacterial numbers was accompanied by a corresponding 
increase in the amount of nitrogen assimilated. 

The results secured by a few investigators indicate that in the presence 
of combined nitrogen as nitrates the nonsymbiotic nitrogen-fixing 
organisms will not fix atmospheric nitrogen. Stoklasa (44, p. 492-503) 
studied the influence of Azotobacter on sodium nitrate in aerobic and 
anaerobic liquid cultures. He found only a small gain in organic nitro- 
gen and from these results he concluded that in the presence of nitrates 
Azotobacter could not assimilate atmospheric nitrogen. It has been 
shown by Hanzawa (20) that in a liquid culture containing 12 mgm. 
of nitrate (from potassium nitrate) in 100 c. c. of medium, a mixed 
culture of Azotobacter fixed 5.25 mgm. of nitrogen. Under the same 
conditions with 60 mgm. of nitrate present in 100 c. c. of medium he 
found but 5.35 mgm. of nitrogen fixed. He concluded that nitrates 
remained, as far as small quantities were concerned, almost without 
influence on the amount of atmospheric nitrogen fixed by Azotobacter. 

Some studies have been carried on with respect to the influence of ni- 
trates on the nonsymbiotic anaerobic nitrogen-assimilating organism, 
Clostridium spp. Bredemann (9) showed that ammonium nitrate in 
solution caused a decrease in the amount of nitrogen fixed by species 
of Clostridium. Pringsheim (40) grew cultures of C. americanum in 
solutions containing potassium nitrate. He found that in the presence 
of available energy the organism fixed some nitrogen when nitrate was 
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present but to a less extent than did control cultures containing no 
nitrate. 

From these results it appears that nitrates do not stimulate the nitro- 
gen-assimilation of the nonsymbiotic nitrogen-fixing bacteria. | 

Inasmuch as nitrates in small amounts caused such an increase in 
the number of Azotobacter in sterilized soil, it was thought advisable 
to determine just what influence these salts exert on nitrogen fixation 
by Azotobacter. Accordingly, experiments were carried out with 
Azotobacter on agar films, in soil cultures and in solution. 

AGAR-FILM CULTURES.—In this work both strains of the Azotobacter 
were used. One hundred c. c. of mannit agar were placed in liter 
Erlenmeyer flasks and nitrates of potassium, sodium and calcium 
added in varying quantities. The flasks and contents were sterilized 
at 10 pounds’ pressure for 25 minutes, cooled, and inoculated with 10 
c. c. of a suspension of the organism in sterile distilled water. The 
flasks were incubated at 28° C. for three weeks. The weight of both 
inoculated and uninoculated flasks was maintained throughout the 
experiment by the addition of sterile distilled water. At the end of the 
incubation period total nitrogen analyses were made. Because of the 
high nitrate content dilute sulphuric-salycilic acid was added slowly 
and carefully to prevent loss of nitrogen by the evolution of gaseous 
oxids of nitrogen. The acid was allowed to react for a few days before 
continuing the total nitrogen determination. The results of the experi- 
ments are presented in Tables VIII and IX. 


TaBLe VIII.—Influence of nitrates on the fixation of nitrogen by Azotobacter (strain A) 
on agar films 














| Nitrogen contained in 100 c. c. of medium. 
Cul- : 
rn ‘Treatment (nitrate in 100 c. c. of medium). Inoculated. Uninoculated. ——— 
No. 4 
Found. | Average.| Found. | Average. 
Mom. Mom. Mam. Mom. Mom. 
BOs airs 5 kus dk ves Aeeadexeoustauns 13. 00 4.0 
PP Scie wed ce saa uchs Cage aaleht oF 12. 70 | 10.8 4.0 4.05 8.75 
Si Wiws casei Pen ebieeeintw ccba pete 12. 60 4.1 
omgm.o tassium nitrate.| 18. 50 ‘ 
: song IN Ae -_ SR eATEN TAREE SE 18. <4 \ 18. 45 Se \ % 30 1. 35 
6 m f NO, potassi trat , ’ 
Se ee ee ay ee aly | aa 
8 | somgm. of NO, sodium nitrate...| 18. 6 ; 
4 inane ~eeprees dapper ae Bsa Soh TS ib ra | x10 
10 | 100 mgm. of NO, sodium nitrate.| 27. 00 15. 00 
+? ae erie Desc sacs . Pees s CLS ha Soar . 65 } 27-35 = 20 } ~~ satis 
12 | 50m * of NO, calcium nitrate..} 13. . 00 
13 " ee . RAN ERR te “1 . i 13:75 8. 50 \ 8. 95 5: 5° 
14 | 100 ehh. of NO, calcium nitrate .| 18. 80 14. 50 
BE Ncowey Wisi ny laps ake ae 1g. 15 18. 95 14. po } +? 4 55 
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TaBLE IX.—I nfluence of nitrates on the fixation of nitrogen by Azotobacter (strain B) 
































on agar films 
Nitrogen contained in 100 c. c. of medium. | 
Cul- _ 
ture | Treatment (nitrate in 100c. c. of medium). Inoculated. Uninoculated. ~~ 
No. 7 
Found. | Average. | Found. | Average. 
eo 
| Mom. Mom. Mgm. Mgm. Mom. 
E | Qovicvicac sic cine sowensoeecviescwees 15. 50 6. 50 
D [Gre cccvestnncrvctensersseoveses 15.70 |? 15.60 6. 30 6. 40 Q. 20 
SOs Hie et csvetavenereeseerens 15. 60 6. 40 
4 | 75 mgm. of NO, as potassium ni- 
CATS) . nc cccccvccccccccccccess 25.20 13. 00 
Ch iditacti ves ivegeaneees 25. 40 \ 25- 3° { 14. 70 \ 13. 85 1 45 
6 150 mgm. of NO, as potassium ni- 
WOME ecskaic et uchecsceueueads 36. 40 \ 24. 00 
z Mares mrt bate Ld vtelg i: 36. 90 36. 65 23. = 23. 60 13. 5 
75 mgm. o} as um nitrate} 25. 12. 80 
eee S perenne some tees’ 25.70 25. 65 13. 20 os 2. 65 
10 —— of NO, as um nitrate} 37. 60 26. 20 
BE f. inre Ds vine cvievinic see slave senees 37. 20 37-40 25. 40 a5. 80 12. 60 
m f NO, as calcium nitrate . , 
33 ear PE 19.60 |f #*85 |} 2.70 |f 335] 75° 
14 | 150mgm.of NO, ascalcium nitrate} 32. 80 | 24. 50 | 
vee ee , ETT are 33-30 \f 33 5 |) 25. 20 24. 8s 6. 20 





A glance at the results (Tables VIII and IX) shows that an increase in 
nitrogen fixation occurred where potassium and sodium nitrates were 
present, whereas a marked decrease in the total nitrogen content was 
observed where calcium nitrate was used. Whether the calcium itself 
is detrimental to an increase in organic nitrogen or whether it is the com- 
bination of calcium with nitrate can not be stated. It is significant, 
however, that this decrease in fixation of nitrogen was noted throughout 
all the experiments where calcium nitrate was employed. It is very 
evident that calcium nitrate exerts some detrimental effect on the nitro- 
gen assimilating properties of the organism. 

There seems to be but a slight difference in the nitrogen-fixing ability 
of the two strains studied. In the absence of nitrates the amount fixed 
varies but little. Also in the presence of potassium and sodium nitrates 
the relative increase in amount of nitrogen fixed remains about the 
same. Calcium nitrate offers an exception where it is employed. The 
detrimental effect seems to be more marked in the case of strain A than 
with strain B. Strain A under normal conditions fixed slightly less nitro- 
gen than strain B, so it may be possible that this strain is weaker. 

The formation of pigment by the Azotobacter in the presence of the 
nitrates is of interest. Strain A normally produced no pigment by the 
end of three weeks’ incubation. But when grown on the agar films in 
the presence of nitrate a most marked pigment production appeared. 
This pigment was especially noticeable in the presence of the calcium 
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salt. Since strain B normally produces a good pigment, the influence 
of nitrate on this strain was not very marked. The relation of nitrates 
to pigment formation will be taken up later (pp. 203-205). 

From the results of the experiments with agar films containing various 
amounts of nitrate, it seems apparent that potassium and sodium nitrates 
in amounts of 50 and 100 mgm. of nitrate in 100 c. c. of medium cause a 
small increase in the amount of nitrogen fixed. However, this increase 
in fixation is not at all parallel with the increase in number of Azoto- 
bacter caused by nitrates in sterilized soil. 

It may be concluded that an increase in the number of Azotobacter in 
sterilized soil as a result of nitrate stimulation does not mean a corre- 
sponding increase in nitrogen fixation on agar films. 

Soll, CULTURES.—The conditions obtaining in these experiments were 
strictly comparable with those heretofore cited dealing with the influence 
of nitrates on Azotobacter in sterilized soil (pp. 187-193). 

The fixation of nitrogen was studied in pure culture in sterilized soil 
and in unsterilized soil. One hundred and fifty gm. of soil (dry weight) 
were weighed into 1-liter Erlenmeyer flasks, nitrates were added in vary- 
ing amounts from 10 to 200 mgm., and 1 per cent of mannit was also 
added. Triplicate flasks were prepared for each amountof nitrate studied. 
The moisture content was raised to approximately 18 per cent and the 
flasks allowed to remain at room temperature for one day. The con- 
tents were then thoroughly mixed and a fine crumb structure produced. 
The flasks for the experiments with pure cultures in sterilized soil were 
immediately sterilized at 15 pounds’ pressure for three hours. After 
cooling, two of each set were inoculated with 5 c. c. of a suspension of 
Azotobacter (strain A) in sterile distilled water. The remaining flask of 
each set was not inoculated, but was incubated at 28° C. with the inocu- 
lated flasks. The moisture lost by evaporation was replaced from time 
to time by the addition of sterile distilled water. . At the end of the incu- 
bation period the soil was removed and spread out in thin layers and 
allowed to dry. It was then thoroughly ground in a porcelain-ball mill 
for one hour. At the end of this time all of the soil passed through a 
100-mesh sieve. 

Soil cultures used in the study of the effect of nitrates on nitrogen 
fixation in unsterilized soil were prepared in a similar manner, except 
that the flasks were not sterilized. Previous to incubation a small 
inoculum of Azotobacter (strain A) was added to insure the presence of 
the nitrogen-fixing organism in the soil cultures. The proper moisture 
content was maintained in the same manner as in the case of the pure 
cultures in sterilized soil and the incubation period was the same for both. 
The results are given in Tables X, XI, XII, and XIII. 
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TABLE X.—Influence of sodium nitrate on the fixation of nitrogen by Azotobacter in 
sterilized soul 





| Treatment 


Total nitrogen in 100 gm. of dry soil. 
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TABLE XI.—Influence of sodium nitrate on the fixation of nitrogen by Azotobacter in 
unsterilized soil 
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TABLE XII.—Influence of calcium nitrate on the fixation of nitrogen by Azotobacter in 
sterilized soil 

Treat- Total nitrogen in 100 gm. of dry soil. 
ment (ni- ‘ieogen 
Culture No. bean > Inoculated. Uninoculated. 100 gm. of 
dry soil).| Found. Average. Found. Average. on 
Mgm. Mgm. Mom. Mom. Mom. Mgm 
Beata oot eee ° 133.0 [ 131.0 
ee er eT ee ° 133. 6 133. 3 131.0 131.3 2.0 
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Bsibees cogs vies ee be) 136. 5 . 135.0 
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TABLE XIII.—Influence of calcium nitrate on the fixation of nitrogen by Azotobacter in 
unsterilized soil 
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It will be seen at a glance that a greater relative increase in nitrogen 
fixation in the presence of nitrates occurred in the soil cultures than on 
the agar films. But in the latter instance the amount of nitrogen as- 
similated in the absence of mistakes is far in excess of that assimilated 
in the soil cultures under similar conditions. The amount of nitrogen 
fixed in the soil cultures is surprisingly low, but as relative increases or 
decreases are desired this does not materially influence the results. 

The influence of sodium nitrate on the fixation of nitrogen by pure 
cultures of Azotobacter in sterilized and unsterilized soil is brought out 
very clearly in the figures of Tables X and XI. In both cases, where 
no nitrate was added, an equal fixation of nitrogen occurred. Where 10 
mgm. of nitrate were added to 100 gm. of soil, slightly more nitrogen was 
assimilated in the unsterilized soil than in sterilized. The reverse seemed 
to be true when 50 mgm. of nitrate were added. But in the presence of 
150 mgm. of nitrate, the fixation by the pure culture in sterilized soil 
did not increase materially in comparison with that which occurred in 
the 50 mgm. of nitrate concentration. Evidently the maximum fixation 
under these conditions had been reached. The gain in the unsterilized 
soil at the highest concentration of nitrate studied almost doubled the 
amount fixed in the pure culture. It appears evident that the presence 
of sodium nitrate causes a greater fixation of nitrogen in unsterilized soil 
than it does under similar conditions in sterilized soil inoculated with 
Azotobacter. 

In the case of calcium nitrate, somewhat comparable results were ob- 
tained. The fixation where no nitrate was added was equivalent to 
that obtained in the controls for the sodium nitrate. Where nitrate 
was added in amounts equal to 10 mgm. of nitrate in 100 gm. of soil, an 
increased fixation was obtained in the unsterilized soil, but practically 
no increase occured in the pure culture in sterilized soil. Fifty mgm. 
of nitrate in 100 gm. of soil produced an increase in fixation. In the 
highest concentration of calcium nitrate the difference in nitrogen fixed 
between the pure culture in sterilized soil and unsterilized soil was not so 
great as in the case where sodium nitrate was used. 

In the sterilized soil where the two nitrates were present in equal 
amounts it can be seen that more fixation took place in the presence of 
sodium nitrate. The difference is not marked, but it exists neverthe- 
less. It will be remembered that calcium nitrate had a detrimental 
effect on nitrogen fixation by Azotobacter on agar films. However, in 
soil cultures this same nitrate stimulated Azotobacter to an increased 
assimilation of nitrogen. This difference is not suprising as it has been 
shown repeatedly that bacterial activities in soil and in artificial cultures 
are not always comparable. 

From the results of the experiments performed with reference to the 
influence of nitrates in soil on the fixation of nitrogen therein, it appears 
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evident that in pure cultures both sodium and calcium nitrates in the 
amounts studied produced an increase in the amount of nitrogen fixed. 
The sodium salt stimulated this process to a slightly greater extent than 
did the calcium salt. In unsterilized soil nitrates exerted the same 
action but to a more marked extent. The amount of nitrogen fixed 
under these conditions was generally in excess of that fixed under similar 
conditions in sterilized soil inoculated with a pure culture of Azotobacter. 

Such large relative increases in total nitrogen in the soil in the presence 
of nitrates would not normally take place under field conditions for here 
no accumulations of nitrate occur in quantities sufficiently large enough to 
influence this process. 

Summing up all the experiments performed in relation to the influence 
of nitrates on the fixation of atmospheric nitrogen by Azotobacter, it 
appears that the increase in total nitrogen in the presence of these salts 
is by no means comparable to the increase in the number of organisms 
in sterilized soil under the same conditions. An increase in the number of 
Azotobacter does not mean a parallel increase in the amount of nitrogen 
fixed. 

INFLUENCE OF AZOTOBACTER ON NITRATES IN SOLUTION 


Attention has been thus far directed toward the influence exerted 
by nitrates on the growth and nitrogen-assimilating power of Azotobacter. 
The following points are now to be considered: Do the nitrogen-fixing 
bacteria reduce nitrates to nitrites and ammonia? Is there an increase 
or decrease in the amount of organic nitrogen as a result of the presence 
of nitrate in the medium? 

Beijerinck and Van Delden (5) found that Azotobacter chroococcum 
reduced nitrate directly to ammonia. Stoklasa (44, p. 492-503) 
studied the changes in a nutrient solution containing 0.2 per cent 
of sodium nitrate inoculated with Azotobacter. He found under an- 
zrobic conditions that the nitrate was largely reduced to nitrite and 
ammonia and that a very small amount of organic nitrogen was formed. 
Under erobic conditions there was more nitrite formed than under 
anzrobic conditions and very little ammonia or oganic nitrogen. He 
concluded, therefore, that Azotobacter did not fix atmospheric nitrogen 
in the presence of nitrates. 

The following experiments were performed in an endeavor to answer 
the questions raised in the initial paragraph of this section. To Erlen- 
meyer flasks of 500-c. c. capacity, containing 100-c. c. portions of mannit 
solution, sodium and ammonium nitrates were added in amounts equiva- 
lent to 150 mgm. of nitrate in 100 c. c. of the solution. Nine flasks were 
prepared for each nitrate and the same number for the controls containing 
no nitrate. The flasks and contents were sterilized at 10 pounds pres- 
sure for 30 minutes. After cooling, six of each set were inoculated, three 
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with strain A and three with strain B, and the remaining three were left 
uninoculated to serve as controls. The flasks were incubated at 28° C. 
for 21 days. The total weight was maintained throughout the experi- 
ment by the addition of sterile distilled water from time to time. At the 
end of three weeks the contents of each set of triplicate flasks were poured 
together and 50-c. c. samples drawn for analysis. Nitrate ammonia and 
total nitrogen were determined as given under ‘‘Methods.”’ The results 
are shown in Tables XIV, XV, and XVI. 


TABLE XIV.—Influence of Azotobacter on nitrates in solution, giving the quantity of 
nitrate lost 





Nitrate in 100 c. c. of medium. 
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TABLE XV.—Influence of Azotobacter on nitrates in- solution, giving the quantity of 
ammonia produced 
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TABLE XVI.—I nfluence of Azotobacter on nitrates in solution, giving the quantity of 
nitrogen fixed 








| Total nitrogen in 100 c. c. of medium. 
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Table XIV showing the effect on the total nitrate content will be 
discussed first. Strain A differed widely from strain B in its ability to 
reduce nitrates. It will be noted that strain A reduces nitrate more 
readily than strain B in the presence of both sodium and ammonium 
nitrate. In order to determine the nature of the reduction of the nitrates, 
qualitative and quantitative tests were made. The reduction of nitrates 
by Azotobacter takes place with the formation of nitrites as shown in 
Table XIV. Strain A effected a strong reduction of nitrate to nitrite 
with both sodium and ammonium nitrate. Strain B also reduced nitrate 
to nitrite, but to a lesser degree than did strain A. 

An inspection of the data in Table XV indicates that the reduction of 
nitrates ceased with the formation of nitrite, since no appreciable amounts 
of ammonia were produced by either strain of Azotobacter. 

In regard to the fixation of atmospheric nitrogen by these strains of 
Azotobacter, it was found that nitrogen was assimilated both in the 
presence and absence of nitrate. In the presence of nitrate there was a 
large increase in the total organic nitrogen. Sodium nitrate stimulated 
both strains, although strain B fixed the larger amount. Similar results 
were obtained when the fixation of nitrogen on agar films was studied. 
In the presence of ammonium nitrate the amount of nitrogen fixed was 
considerably decreased, but the amount fixed was in excess of the control 
cultures containing no nitrate. It seems evident that sodium and 
ammonium nitrate in the amounts studied did not prevent the fixation 
of atmospheric nitrogen. In fact, the presence of these salts seemed to 
stimulate the process. 

Under aerobic conditions both strains of Azotobacter studied caused a 
reduction in the total amount of nitrate present in the solution. This 
reduction may be accounted for in two ways: (1) The reduction of 
nitrate to nitrite and (2) the assimilation of nitrate by the organisms. 
Practically no ammonia was formed under the conditions of these experi- 
ments. These results agree with those of Stoklasa. However, in con- 
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trast to the work of Stoklasa, both strains of Azotobacter assimilated 
more atmospheric nitrogen in the presence of nitrates in solution than 
in the absence of these salts. 


INFLUENCE OF NITRATES ON THE PRODUCTION OF PIGMENT BY AZOTOBACTER 


It has already been noted in the experiments dealing with the effect 
of nitrates on the fixation of atmospheric nitrogen on agar films that 
nitrates favor pigment production. This was true in the case of both 
strains of the Azotobacter. 

Moreover, it has been observed by other investigators that Azotobacter 
when grown in the presence of nitrate will produce a darker pigment 
than when grown in its absence. Beijerinck (4, p. 575) states that 
Azotobacter in pure culture will form a dark-brown pigment in the 
presence of glucose and a small amount of nitrate. Sackett (43) found 
that nitrate caused an increase in pigment production by Azotobacter. 
In media without the nitrate the pigment formation was materially 
decreased and in some cases practically eliminated. He also noted that 
the amount of nitrate present has a direct influence on the intensity of 
the pigment formation. He found that when sodium nitrate was added 
to a suitable medium to give a content of 0.0, 0.01, 0.03, 0.05, 0.08, 0.1, 
0.3, and 0.5 per cent, with glucose used as the source of energy, the 
organisms produced pigment. Streak inoculations were made, and 
after 14 days’ incubation he found that the maximum of color was 
obtained at 0.05 to 0.08 per cent and that greater concentrations did not 
increase the intensity of the brown-black pigment. From his results it 
is evident that sodium nitrate caused an increase in pigment formation 
by azotobacter. 

In order to determine the possible effect of potassium, sodium, and cal- 
cium nitrate on pigment formation with strains A and B, the following 
experiment was performed. 

Under normal conditions on mannit agar free from nitrate strain A 
produced little or no pigment even after three weeks’ growth. At the 
end of this time dirty-yellow streaks occurred throughout the growth, 
but no brown pigment was produced. However, with strain B at the 
end of two or three weeks a decided brown to brown-black pigment was 
produced in the absence of nitrate. 

Agar slope cultures containing increasing amounts of potassium, so- 
dium, and calcium nitrate, as indicated in Table XVII, were prepared. 
These were inoculated with both strains of Azotobacter and incubated 
at 28° C. for 1o days. Daily observations were made for first evidences 
of pigment formation. In some of the cultures of strain A growing on 
media containing calcium nitrate this pigmentation was observed as 
early as 48 hours subsequent to inoculation. The following day pig- 
mentation developed in strain B. The cultures on the potassium and 
sodium-nitrate media began to show evidence of pigmentation in four to 
six days. The final results, obtained after 10 days’ incubation, are found 
in Table XVII. 
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A general idea may be gained from Table XVII concerning the relative 
increase in pigment formation in the presence of the nitrates. A study 
of the table gives a fair idea of the relative differences in pigment pro- 
duction. 

Very interesting results were obtained with strain A. It will be seen 
from Table XVII that no pigment was produced in the control culture 
after 10 days, while in the presence of nitrates pigmentation was noted. 
The intensity of the pigment varied with the increase of nitrate up to 150 
mgm. Beyond 150 mgm. there was no increase. Potassium and sodium 
nitrate did not exert such a decided influence on pigment production as 
calcium nitrate. The latter salt produced an intense dark-brown to 
brownish-black pigment. 

In the case of strain B the influence of nitrate was not so pronounced 
since this strain normally produced considerable pigment in the absence 
of nitrates. Potassium and sodium nitrate caused a slight increase in 
pigment formation. Here, again, the calcium salt brought about most 
pronounced increase. However, the relative increase in pigment forma- 
tion in strain B was not so pronounced as in strain A. 

Where the nitrate was present, a much more spreading growth was 
obtained. <A heavy bacterial growth accumulated at the base of the slope 
except in the two cultures in which the highest concentrations were used. 
In the latter instances the accumulation was less than those in cultures 
growing on media containing no nitrate. Although the original inocula- 
tion could not be made absolutely uniform, so far as number of organ- 
isms was concerned; nevertheless it was evident that on those slopes 
containing 10, 25, 50, and 100 mgm. of nitrate in 100 c. c. of the medium 
a much more abundant growth was obtained than on those slopes free 
from nitrate. Here, again, it is seen, in a rough, comparative way, that 
the smaller amounts of nitrates caused an increase in the number of 
Azotobacter. 

The results of this work on pigment production are quite in accord with 
those of Sackett. Potassium, sodium, and especially calcium, nitrates 
in varying amounts increase pigment formation by Azotobacter with an 
increase in nitrate concentration. This effect is especially marked in 
strain A, which under normal conditions does not produce any pigment. 


INFLUENCE OF NITRATES ON THE FORMATION OF VOLUTIN BODIES IN AZOTOBACTER 


The presence of volutin bodies, or metachromatic granules, in Azoto- 
bacter has been shown by Bonazzi (7). These substances, according to 
Meyer (34, p. 238), are reserve food materials other than fat droplets, 
glycogen, and similar substances reacting with iodin stain which occur 
in the cytoplasm of the cells of various bacteria. With Millon’s reagent 
they give no reaction. He believes that these bodies are composed of 
nucleic-acid compounds, but are not nuclear proteids. 
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In connection with the foregoing investigations concerning the influ- 
ence of nitrates on pigment formation by Azotobacter, it was thought 
that some results of cytological interest might be obtained in regard to 
the effect of varying amounts of nitrates on the volutin bodies. 

Slope cultures of mannit agar were prepared containing the different 
nitrates as indicated in Table XVIII. These slopes were inoculated 
with both strains of Azotobacter and incubated at 28° C. for 10 days. 
At the end of this time each culture was stained and examined micro- 
scopically. The following method was used for demonstrating the 
presence of the volutin bodies. The organisms to be examined were 
air dried on a glass slide and then fixed in the flame of a Bunsen burner. 
The preparation was then flooded with a 1 to ro aqueous solution of 
methylene blue (Merck’s) prepared by adding 10 c. c. of a saturated 
aqueous solution of methylene blue to go c. c. of distilled water. The 
stain was washed off after five minutes with a 1 per cent solution of 
sulphuric acid and immediately rinsed in distilled water. The prepa- 
ration was dried and examined with the oil-immersion objective. The 
volutin bodies appeared within the cytoplasm as very dark blue dots, 
the outline of the cell wall was a lighter blue, while the cell net work 
was stained a very light blue. 

Guignard’s stain! was also used to demonstrate the presence of the 
volutin bodies. Fresh smears on a giass slide were fixed over 10 per 
cent osmic acid for three minutes. The preparation was then air-dried 
and fixed to the slide by rapidly passing the latter a few times through 
a Bunsen burner. The preparation was covered with the stain which 
was allowed to react for five minutes. The stain was then washed off 
with distilled water, dried, and examined with the oil-immersion objec- 
tive. The outline of the cell as well as the net work within-was stained 
light purple. The granules within the cytoplasm were a reddish purple. 
The results are given in Table XVIII. 


TABLE XVIII.—Influence of nitrates on the formation of volutin bodies in Azotobacter 
in Io days 





Strain A. | 





Potassium Sodium Calcium Potassium Sodium Calcium 
nitrate. nitrate. nitrate. nitrate. nitrate. nitrate. 








Doubtful. ... 
Present 4,... 


























@ Representing an approximate average of two volutin bodies per cell. 

> Representing an approximate average of four volutin bodies per cell. 

' Guignard’sstain. Fifty c. c. of 2 per cent fuchsin in 1 per cent acetic acid; 4oc. c. of 0.2 per cent methyl 
green in 1 per cent acetic acid; 1 c. c. of glacial-acetic acid. Distilled water was used in making the r per 
cent acetic-acid solution. 
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It will be seen that all three nitrates exerted considerable influence 
on the formation of volutin bodies. Not only was the number of bodies 
increased, but also the size. The relative increase in size of the granules 
was much more marked than was the numerical increase. In Azoto- 
bacter cells grown on mannit agar containing no nitrate the number of 
volutin bodies in each cell averaged about two; in the presence of nitrate 
four to five volutin granules were found. The greatest increase in num- 
ber, as well as size, occurred where the nitrate concentration was highest. 
With both strains sodium nitrate apparently caused the greatest increase. 
This was true in the lower as well as in the higher concentrations. The 
volutin bodies in strain B seemed to respond to the presence of nitrates 
more noticeably than did those of strain A, especially in the presence of 
potassium nitrate. It is evident that nitrates of potassium, sodium, 
and calcium cause an increase in the number and size of volutin bodies 
in Azotobacter cells. 

Do these salts tend to hasten the appearance of these bodies, or do 
they at first retard their development? The following experiment was 
carried out in an endeavor to determine this point. Only sodium nitrate 
was used, since this particular salt proved most beneficial to the forma- 
tion of volutin bodies. Agar slopes were prepared containing the different 
amounts of nitrate as indicated in Table XIX. The cultures were incu- 
bated at 28° C. and examined daily for the presence of volutin bodies, 
The methylene blue—1 per cent sulphuric acid—method of staining was 
employed. The results of the experiment are given in Table XIX. 


TABLE XIX.—Influence of sodium nitrate on the rate of formation of volutin bodies.in 
Azotobacter 









Nitrate in 100 c. c. of medium. 








Strain A. Strain B. 
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@ Representing an approximate average of two volutin bodies per cell. 
> Representing an approximate average of four volutin bodies per cell. 
A study of Table XIX shows that it is rather doubtful whether the 
nitrate present tended to hasten the appearance of the volutin bodies. 
No convincing evidence has been presented for or against this statement. 
No granules were seen in the first day’s growth of strain A, although 
the next day they were present in all four cultures. In strain B more 
convincing proof is furnished that the sodium nitrate hastened the 
appearance of these reserve food substances. The volutin bodies were 
not present in the control and lowest nitrate concentration cultures 
the first day, but they were very noticeable in the culture containing 
the highest concentration of nitrate and doubtful in the remaining one. 
On the second day volutin bodies were present in all cultures grown on 
27807 °—18——5 
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nitrate media, while the control culture was still free from them. The 
third day showed the presence of volutin bodies in all four cultures. 
Strain B offers the better proof that sodium nitrate tends to hasten the 
appearance of volutin bodies in the cells of Azotobacter. Further 
experiments were not made in an endeavor to determine what influence 
nitrates might have on the cytology of the Azotobacter cell. The brief 
studies reported here were made in connection with the pigment forma- 
tion experiments, but do not bear any particular relation to them. The 
increase in number and size of volutin bodies may bear some relation to 
the increased amount of nitrogen fixed or assimilated by Azotobacter in 
the presence of nitrates. 


INFLUENCE OF NITRATES ON BACILLUS RADICICOLA 
INFLUENCE OF NITRATES ON THE GROWTH AND REPRODUCTION OF BACILLUS RADICICOLA 
IN STERILIZED SOIL 

One hundred and fifty gm. (dry weight) of the soil were weighed 
into 500-c. c. Erlenmeyer flasks and the nitrates added as indicated 
in Tables XX-—XXII. Duplicate cultures for each amount of nitrate 
were prepared. One per cent of mannit (in 5 c. c. of distilled water) 
was also added. The flasks were kept at room temperature for one 
day and the contents then thoroughly mixed. The flasks were steri- 
lized at 15 pounds’ pressure for three hours. Upon cooling they were 
inoculated with 5 c. c. of a suspension of Bacillus radicicola in sterile 
distilled water. The number of bacteria in the inoculum was deter- 


mined. The moisture content was then approximately 18 to 20 per 
cent. The flasks were incubated at 28° to 30° C. and mannit-agar 
plates poured at the end of one and two weeks. The results of these 
experiments are given in Tables XX, XXI, and XXII, in which each 
figure represents an average of duplicate plates. 


TABLE XX.—Influence of potassium nitrate on Bacillus radicicola in sterilized soil 





Treat-_ Number of organisms in 1 gm. of dry soil. 
ment (ni- 
| 





Culture No. trate in 
too gm.of} At begin- 


dey call). srg After x week. Relative. 


After 2 weeks. | Relative. 





Per cent. 3 Per cent. 

a » O15, COCO 

100 HF ooo oxo 

372 14, 600, 000 

II, 050, 000 

I5, 400, 000 

517 14, 800, 000 

at II, 500, 000 

14, 400, 000 

51 2, 680, C00 

3» -_ 000 

6 560, 000 

. 790, 000 

90, 000 
a 


10, 670 680, 000 
10, 670 825, 000 
10, 670 2, 195, 000 
10, 670 3) 410, 000 
10, 670 3, 9OO, CCO 
10, 670 3, 885, 000 
10, 670 I, 555) 000 
10, 670 I, 585, 000 
10, 670 445, 000 
10, 670 320, 000 
10, 670 375) 900 
10, 670 330, 000 
10, 670 135, 000 
10, 670 170, 000 
10, 670 45, 000 
10, 670 50, 000 


so FF 
2 2 8 


_ 
~ 
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ge 


20 


_ 


—_—Reeeeeesmn eee ee eee eee” 
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6.3 25, 000 
30, 000 























a Contamination. 
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TaBLE XXI.—Influence of sodium nitrate on Bacillus radicicola in sterilized soil 





Treat- Number of organisms in 1 gm. of dry soil. 
ment (ni- 4. heed 
trate in | 


zoo om of hae After 1 week. | Relative. Aiter 2 weeks. | Relative. 








Per cent. Per cent. 
100 6, 759, C00 

5» 959, C00 
I0, 000, C00 
12, 500, 000 
14, 650, 000 
15, 700, 000 

(0 


8, 500, 000 
| 
{ 


100 


177 


I, 520, 000 
I, 650, 000 
850, 000 
940, 000 
500, 000 
620, 000 
150, 000 
210, 000 























a Contamination. 


TABLE XXII.—Influence of calcium nitrate on Bacillus radicicola in sterilized soil 





Treat- Number of organisms in x gm. of dry soil. 
ment (ni- 
Culture No. trate in 
too gm.of| At begin- 
dry soil). ning. 





After r week. Relative. After 2 weeks. | Relative. 





10, 000 960, 000 
10, 000 850, 000 
10, 000 3, 650, 000 
10, 00O 3, 940, 000 
10, 000 5) 500, 000 
10, 000 6, 700, 000 
10, 000 4, 000, COO 
10, 000 3, 500, 000 


10, 000 I, 200, 000 { 


4; 590, 000 | 

6, 000, C00 

5) 450, C00 
10, 650, 000 





10, 00O 2, 050, 000 

10, 00O 865, 000 

10, 00O I, 050, C00 

TO, 000 375, 000 | 

10, 000 260, 000 35 
I0, C0O 35, 000 

10, 000 47, 000 45 

















An inspection of all three tables reveals two marked differences from 
the results obtained in similar work with Azotobacter. First, it will be 
noted that nitrates do not appear to exert such a marked stimulating 
effect with B. radicicola as with Azotobacter. The numerical increase 
due to the presence of the nitrate is clearly shown in the percentage 
columns. Second, it will be noted that B. radicicola does not seem to be 
so sensitive to higher concentrations of nitrates as does Azotobacter. 
In all instances at concentrations equivalent to 300 mgm. of nitrate in 


e 
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100 gm. of soil the legume organisms were still alive, although present 
in numbers far below those of the control cultures. In all Azotobacter 
cultures no organisms survived this concentration. 

No one nitrate produced an excessive stimulation in comparison with 
the others. The calcium salt present as 150 mgm. of nitrate in 100 gm. 
of soil at the end of the first week gave the greatest stimulation for con- 
centrations of that amount. However, at the end of the second week 
this concentration had caused a marked decrease in the number of or- 
ganisms. In the case of all three nitrates the concentration representing 
25 mgm. of nitrate in 100 gm. of soil produced the greatest stimulation. 
This resulting stimulation also held true throughout the second week. 
The decrease in number below those of the control cultures, due to in- 
creasing concentrations of nitrate, began first in the presence of potassium 
nitrate at 100 mgm. of nitrate per 100 gm. of soil, then with sodium 
nitrate at 150 mgm., and lastly with calcium nitrate at 200 mgm. But 
the number of organisms present in the soil cultures containing sodium 
nitrate in amounts equivalent to 100 mgm. and calcium nitrate at 100 
mgm. at the end of the second week was below those of the control 
cultures. 

It therefore appears from these results that small amounts of potassium, 
sodium, and calcium nitrate stimulate the reproductive activity of B. 
radicicola. Concentrations of nitrates greater than those amounts which 
produced maximum stimulation cause a decrease in the number of or- 
ganisms. The highest concentration of nitrate studied did not entirely 
prevent the growth of the bacteria, but it reduced the number of organ- 
isms far below those contained in control cultures where no nitrates 
were added. 

Ammonium nitrate was also employed. The soil cultures were pre- 
pared as already described and inoculated with B. radicicola. The cul- 
tures were incubated at 28° to 30° C. and counts were made at the end 
of one and two weeks’ time. The results of the study with ammonium 
nitrate are given in Table XXIII. 


TABLE XXIII.—I nfluence of ammonium nitrate on Bacillus radicicola in sterilized soil 





Treat- Number of organisms in 1 gm. of dry soil. 
ment (ni- Mihaeis 
Culture No. trate in | | | 


too gm.of}| At begin- : | ; 
dry soil). ning. After 1 week. Relative. | After 2 weeks. | Relative. 











Mom. Per cent. | Per cent. 
° 850, 000 \ I, 365, 000 
° 765, 000 I, 400, 000 
25 2, 500, 000 5, 060, 000 
25 3) 050, 000 343 4, 320, 000 338 


at 
100 I, 350, 000 148 { I, 030, 000 


100 


100 I, 050, 000 950, 000 o 


6 
a 


PS eae y ? 








200 700, 000 
200 655, 000 \ 84 
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From the results as a whole it appears that it is the nitrate radical 
and not the combined salt which causes the increase in the number of 
B. radicicola when small amounts of nitrates are present. A stimulation 
occurred, resulting in an increase in number which is quite comparable 
to that obtained with potassium, sodium, and calcium nitrates. The 
highest concentration of ammonium nitrate used did not appear to have 
such an inhibiting effect as did the corresponding concentrations of the 
three other salts. 

Throughout the work with B. radicicola in sterilized soil compara- 
tively low numbers of these organisms were found. Whether or not 
this depression was due to toxic substances formed as a result of steriliza- 
tion can not be stated. If this decrease in numbers as a result of the 
presence of toxi¢ substances is true, it is very evident that the detrimental 
effect had not become materially lessened at the end of the incubation 
period. However, in any event the validity of the outcome is not im- 
paired, since comparative and not absolute data are of importance and 
since in all probability the same conditions obtained throughout the 
cultures. 

It seems certain from the results of these studies on the effect of 
potassium, sodium, calcium, and ammonium nitrates on the growth of B. 
radicicola in sterilized soil that small amounts of nitrate stimulate the 
growth of the organisms. It is also shown that B. radicicola is much 


more resistant than Azotobacter to higher concentrations of potassium, 
sodium, calcium, and ammonium nitrates. 


INFLUENCE OF BACILLUS RADICICOLA ON NITRATES IN SOLUTION 


The series of soil culture experiments just discussed served to give an 
idea concerning the effect of nitrates on the legume organism. * It was 
found that in small amounts nitrates stimulated the bacteria to increased 
reproduction. But no study was made as to theeffect of Bacillus radicicola 
on the nitrate. Does the organism break up the nitrate, reducing it to 
nitrite or ammonia? Does it cause any loss in nitrate when grown in a 
solution containing that salt? Beijerinck (2, p. 762) as a result of 
physiological experiments with B. radicicola, states that the organism does 
not reduce nitrate. Prucha (41) also states that B. radicicola does not 
reduce nitrates. However, Zipfel (49) found that B. radicicola will reduce 
nitrates to nitrites but not to ammonia. 

The following experiments, somewhat similar to those already cited in 
relation to Azotobacter, were carried out in an endeavor to answer these 
questions. 

To twenty 500-c. c. Erlenmeyer flasks containing 200 c. c. of mannit 
solution, potassium, sodium, calcium, and ammonium nitrates were 
added as indicated in Tables XXIV, XXV, and XXVI. Quadruplicate 
flasks were prepared for each concentration of nitrate and for the control 
cultures without nitrate. The flasks and contents were sterilized at 
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10 pounds’ pressure for 30 minutes. After cooling, two of each set of four 
flasks were inoculated with 5 c. c. of a suspension of B. radicicola in 
sterile distilled water. The remaining two flasks of each set (uninocu- 
lated) served as controls. The flasks were incubated at 28° C. for 21 days. 
The total weight of the flasks was maintained throughout the incuba- 
tion period by the addition of sterile distilled water from time to time. 
At the expiration of the period of incubation the nitrate, ammonia, and 
total nitrogen contents were determined as given under “Methods used 
in experiments.’ The contents of the duplicate inoculated flasks were 
poured together and 50 c. c. samples drawn for analysis. The same 
procedure was followed in the case of the uninoculated flasks. The 
results are given in Tables XXIV, XXV, and XXVI. 


TABLE XXIV.—I nfluence of Bacillus radicicola on nitrates in solution giving the quantity 
of nitrate lost 








Nitrate in 100 c. c. of medium. 


} 
Treatment (nitrate in 100 c. c. of medium). | Uninoculated. | Inoculated. 





Average. | Found. | Average. 








Mgm. Mom. 
0. 0O 0. OO 


= 
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PR AN es . 
AAWAOHR OOOO: 


117.0 .|—34.2 
114.2 |—34.6 


76.7 |—78.5 


I | 
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142.6 |— 8&9 




















TABLE XXV.—I nfluence of Bacillus radicicola on nitrates in solution giving the quantity 
of nitrogen as ammonia formed 


} 
Nitrogen as ammonia in 100 c. c. of medium. 


Treatment (nitrate in 100 c. c. of medium). Uninoculated. Inoculated. 


Found. | Average. | Found. | Average. 
| 











Mgm. 
0.15 


. 05 
25 
. 20 


13. 82 
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TABLE XXVI.—I nfluence of Bacillus radicicola on nitrates in solution giving the quantity 
of nitrogen fixed 





| Total nitrogen in 100 c. c. of medium. 





Treatment (nitrate in 100 c. c. of medium). Uninoculated. Inoculated. 





| 
| 
| 


Found. | Average. | Found. | Average. 





Mom. Mom. be Mgm. 
. > \ 2. 45 \ 3. 40 
8. 
in \ 17.95 : \ 18. 85 
16. 80 . 
17. 00 16. 90 ‘ \ 19. 25 
4 2 lh 5.90 { 14 | 

40. 50 \ 

41. 20 


14. 65 


40. 85 41. 50 























The data in Table XXIV show that a rather large reduction in the 
total nitrate content took place. This reduction varied rather markedly 
among the four different nitrates studied. The greatest reduction oc- 
curred where calcium nitrate was used. Potassium and sodium were 
next in order; the loss was almost the same for both salts. Ammonium 
nitrate was last with but a very small comparative reduction in total 
nitrate. 

The question arises as to whether the nitrate is reduced to nitrite, 
ammonia, or elemental nitrogen or whether the reduction in amount is 
due to a natural assimilation of the nitrate by the organisms. ‘The first 
possibility was precluded when qualitative tests for nitrites were made 
and none found. Table XXV reveals the fact that no ammonia was 
produced. Table XXVI shows no loss in total nitrogen. Therefore it 
seems obvious that reduction in total amount of nitrate present is brought 
about by the assimilation of those compounds by the organisms. 

An inspection of Table XXVI, which gives the results of the total 
nitrogen determinations, shows that a slight fixation of atmospheric 
nitrogen took place. This fixation is entirely possible, as will be shown 
later when the influence of nitrates on the fixation of nitrogen is taken 
up. In the presence of potassium, sodium, and ammonium nitrates the 
amount of nitrogen assimilated is somewhat decreased. But in the 
case of sodium nitrate a large increase in the amount of total nitrogen 
seems to have taken place. This is interesting in the light of results 
to be presented later. 

From the results of the work on the effect of B. radicicola on nitrates 
it may be concluded that the organisms do not reduce the nitrates to 
nitrite or ammonia or elemental nitrogen under aerobic conditions. 
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INFLUENCE OF NITRATES ON THE FIXATION OF ATMOSPHERIC NITROGEN BY BACILLUS 
RADICICOLA 


The ability of B. radicicola to fix atmospheric nitrogen in the absence 
of the host plant has been studied by numerous investigators. From 
the results of their work it seems fairly probable that the legume organ- 
ism can fix nitrogen to a slight extent when growing in a nonsymbiotic 
state. Beijerinck (3) was one of the earliest to make a study of the 
possible fixation of atmospheric nitrogen by B. radicicola under these 
conditions. He found that a small quantity, 0.91 to 1.82 mgm. of nitro- 
gen was fixed per 100 c. c. of the medium. Prasmowski (39, p. 55) and 
Berthelot (6) concluded as a result of their experiments that when the 
organism was grown outside the host plant the gain in nitrogen was 
small. The greatest gain in nitrogen was found by Mazé (32) who re- 
ported an increase of 23.4 mgm. of nitrogen per roo c. c. of the medium in 
16 days. Lewis and Nicholson (30) found by incubating the cultures for 
a considerable length of time that a large increase in fixation occurred. 
Bottomley (8) found that a pure culture of B. radicicola fixed approxi- 
mately 1 mgm. of nitrogen in 15 days. Fred (77) made a study of the 
possible fixation of nitrogen by the legume organism and found that it 
fixed approximately 1.2 mgm. of nitrogen in 100 c. c. of the medium. 
He found that on agar films a greater fixation occurred than when the 
organisms were grown in a liquid medium. 

A few investigators, however, found that no increase in nitrogen 
occurred when B. radicicola was grown outside the host plant. Frank 
(76) states that in a nitrogen-free medium the legume organisms did not 
fix enough nitrogen to be accurately measured. Immendorf (25) also 
found no increase in nitrogen when pure cultures of B. radicicola were 
grown in soil containing a nitrogen-free solution. 

It will be seen that the majority of investigators, especially the more 
recent ones, found that a slight amount of atmospheric nitrogen was 
fixed or assimilated by B. radisicola when grown outside the host plant 
and on a medium suitable for its development. 

It has already been shown that nitrates cause an increase in the num- 
ber of B. radicicola when grown in pure culture in sterilized soil. Does 
such an increase in the number of organisms necessarily mean an in- 
creased fixation of nitrogen? Three experiments using agar films were 
carried out in order to determine this point. Erlenmeyer flasks of 
1-liter capacity containing 100 c. c. of mannit agar were used. Before 
the medium solidified, the nitrates were added in the proportions indi- 
cated in Table XXVII. Six flasks for each different quantity of nitrate 
were prepared, except in one case, as shown in Experiment II. The 
flasks were plugged with nonabsorbent cotton and sterilized at 10 pounds’ 
pressure for 30 minutes. After cooling, three of each set were inoculated 
with 5 c. c. of a suspension of B. radicicola in sterile distilled water. 
The organisms had been growing on mannit agar at 28° C. for six days. 
The flasks in Experiments I and lil (Table XXVII) were incubated at 
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28° C. for three weeks and those in Experiment II for two weeks. The 
moisture lost by evaporation in both inoculated and uninoculated flasks 
was replaced from time to time by the addition of sterile distilled water. 
At the expiration of the incubation period the total nitrogen was deter- 
mined as given under ‘‘Methods used in experiments.’’ The results of 
the experiments are given in Table X XVII. 

An inspection of the data reveals the fact that B. radicicola in pure 
culture fixed a small amount of nitrogen when growing in a nonsymbiotic 
state with no nitrate present. In the presence of nitrates there was an 
increased fixation. Although the increase in total nitrogen is small, 
because of the number of determinations made, it may be considered 
as positive. The potassium and sodium salts seemed to be more effective 
than the calcium nitrate, with one exception (Table XXVII, Experiment 
I). It will be remembered that the latter salt appeared to depress nitro- 
gen fixation by Azotobacter and the two former somewhat to favor it (p. 


194-195). 


TABLE XXVII.—Influence of nitrates on the fixation of nitrogen by Bacillus radicicola, 
giving the increase in nitrogen 


EXPERIMENT I 





Total nitrogen in 100 c. c. of medium. | | 


Ope Treatment (nitrate in roo c. c. of medium.) | 
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TABLE XXVII.—I nfluence of nitrates on the fixation of nitrogen by Bacillus radicicola, 
giving the increase in nitrogen—Continued 


EXPERIMENT III 
























































Total nitrogen in 100 c. c. of medium. 
“ ©) Treatment (nitrate in 100 c. c. of medium): | Uninoculated. | Inoculated — 
Found. | Average.| Found. | Average. 
Mom. Mom. Mgm. Mom. Mgm. 
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It has been shown that, when nitrates are added in varying quantities 
to sterilized soil, the number of B. radicicola are increased. Provided the 
the organism can fix a small amount of nitrogen in the absence of nitrate 
nitrogen, is it not possible that this increase in nitrogen fixation may be 
due merely to the increase in the number of cells? It seems that this is 
true according to the results in Table XXVII. It appears probable that 
the increase in nitrogen fixed in the presence of nitrates is very likely 
because of an increase in the number of bacterial cells and not to any 
physiological change brought about in the organism itself. 

There was a marked increase in bacterial growth on the media con- 
taining the nitrate compared with the same media free from nitrate. 
The growth on the latter medium exhibited a normal, whitish watery 
appearance, characteristic of this organism. On the cultures containing 
nitrates a much more profuse growth occurred. In many instances a 
pinkish tint was observed. This pigment production was especially 
marked in the case of the culture containing the sodium salt. After the 
first experiment had been completed, it was thought that possibly this 
pigmentation was due to an impurity in the culture. Therefore the two 
remaining experiments were made, using a subculture from the original. 
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This culture was plated three times, each plating being made from a well- 
isolated colony. The final subculture was taken from a similar well- 
isolated colony. However, pigment formation in the presence of nitrate 
persisted in the two final experiments, showing clearly that some reaction 
took place between the nitrate and the organism grown on the medium. 
It is of interest to note that the pigment formation in the presence of 
nitrate was observed in later work where the influence of nitrates on 
nodule formation was investigated. Prucha (41) found that on agar 
slopes of medium containing 0.5 per cent of potassium or calcium 
nitrate, the growth of B. radicicola became opaque and that an iridescent 
tint was produced. 

Although the results of these experiments may vary somewhat among 
themselves, taken as a whole it appears evident that B. radicicola may 
fix a small amount of atmospheric nitrogen when grown’ without the 
host plant and on a suitable medium. The addition of various amounts 
of nitrates as indicated increased somewhat the amount of nitrogen 
assimilated by B. radicicola. 


INFLUENCE OF NITRATES ON THE PRODUCTION OF GUM BY BACILLUS RADICICOLA 


Since nitrates, especially in smaller amounts, cause an increase in the 
number of B. radicicola in pure culture, it was thought advisable to 
determine what influence these salts have on the production of gum. In 
culture media favorable to the growth of B. radicicola these bacteria will 
produce a gelatinous substance which is readily precipitated with 95 per 
cent alcohol or acetone. Upon the addition of either of these precipi- 
tants a fairly heavy, water-white, frothy gelatinous mass is formed 
which soon rises to the surface of the liquid. Upon standing, this mass 
contracts somewhat, and portions of it may fall to the bottom of the 
liquid from which it has been precipitated. 

Chemical analyses, according to Buchanan (zo), have shown that this 
gum is a carbohydrate. Upon hydrolysis with 2 per cent sulphuric acid 
and 15 pounds’ pressure for one hour, Fehling’s solution is reduced, 
showing the presence of a sugar. The gum does not give proteid reac- 
tions with the Millon, biuret, or xanthoproteic tests. Hence, the gum 
is not protein in character; nor does it contain nitrogen in the combined 
form. Clearly it is a nonnitrogenous body. 

In the experiment undertaken to determine whether nitrates influence 
the formation of gum only relative differences are noted. No attempt 
was made to obtain quantitative results. 

Erlenmeyer flasks of 1-liter capacity containing 200 c. c. of mannit 
solution were used. The cultures contained various quantities of nitrate 
as indicated in Table XXVIII. Triplicate flasks for each amount of 
nitrate were prepared. In this table these three flasks are represented 
as “a,” “b,” and “‘c.” After sterilization at 15 pounds’ pressure for 25 
minutes the flasks were cooled and inoculated with 5 c. c. of a suspension 
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of B. radicicola in sterile distilled water. The cultures were then 
incubated at room temperature (approximately 25°C.) for eight weeks. 

At the expiration of the incubation period the contents of the flasks 
were poured into hydrometer cylinders of equal depth and diameter. 
One hundred and fifty c. c. of acetone were added to precipitate the gum. 
After careful shaking, the cylinders were covered with inverted petri 
dishes to prevent evaporation. At the end of 24 hours the amount ot 
gum precipitated was observed. The relative amounts are recorded in 
Table XXVIII. 


TABLE XXVIII.—Influence of nitrates on the production of gum by Bacillus radicicola 





Relative production of gum—precipitated by 
acetone, 





Flask c. 


| 
| 
Treatmept (nitrate in 109 c. c. of medium). | 
| 








Large. 
75 mgm. of NO, as potassium nitrate . ‘ Very large. 
450 mgm. of NO, as potassium nitrate .| Larg arge. 
75 mgm. of NO, as sodium nitrate .... soul Very large. 
450 mgm. of NO, as sodium nitrate... eed Large. 
75 mgm. of NO, as calcium nitrate...|... wo Do. 
450 mgm. of NO, as calcium nitrate. .|... Co nsider- | Co n sider- 
able. able. 

















From the results it is certain that the nitrates, especially in the smaller 
of the two concentrates, caused a very considerable increase in the amount 
of gum produced by B. radicicola. The nitrates of potassium and sodium 
caused a production of more gum than did the calcium salt. It will be 
remembered that in the experiments where the influence of nitrates on 
the fixation of atmospheric nitrogen by B. radicicola was studied, less 
nitrogen was fixed in the presence of calcium nitrate than in the pres- 
ence of the other two salts. Here again the greater stimulative action 
of potassium and sodium nitrates is emphasized. 

Buchanan in his investigations on the formation of gum by B. radict- 
cola has found that varying amounts of potassium nitrate in a 2 per 
cent saccharose solution or in a 2 per cent saccharose-clover-extract 
solution caused a slight increase in growth and in gum production. 

It seems probable that the increased gum production in the nitrate 
cultures is caused not only by an increase in bacterial cells but also 
perhaps by an increased stimulation in the formation of gum by the cells 
themselves. The relative increase in the amount of gum produced in 
the presence of nitrates seems to be greater than the actual increase in 
number of organisms brought about by the stimulating effect of the 
nitrate. In the latter instance this stimulating effect has been deter- 
mined in soil cultures only and so a fair basis of comparison can not be 
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found. Had the influence of nitrates on the growth and reproduction 
of B. radicicola been determined in liquid culture, as well as in soil 
cultures, then a comparison could have been made. Furthermore, the 
divergencies in the time element, eight weeks’ incubation in the liquid 
cultures and three weeks in the soil cultures, are such as to render futile 
any attempt at correlation. It may be that the large formation of gum 
was due to the prolonged incubation. A shorter period of three weeks 
undoubtedly would show a relatively smaller amount of gum produced 
as a result of the presence of the nitrate. 

However, from the results of the experiment it is certain that potas- 
sium; sodium, and calcium nitrate influence the formation of gum by B. 
radicicola. ‘The three nitrates studied caused a large increase in the 
amount of gum obtained by precipitation with acetone. Calcium nitrate 
caused the least stimulation, but the difference was not large. 


INFLUENCE OF NITRATES ON NODULE FORMATION 


The results of numerous investigations have shown that nitrates 
retard and oftentimes entirely prevent the formation of nodules on 
leguminous plants when grown in soil or liquid cultures. Vines (45), 
working with the horse bean, found that the use of large amounts of 
nitrate in the form of potassium nitrate retarded nodule formation. He 
concluded that a decrease in the amount of nitrates meant an increase 
in the number of nodules. Woods (48) found that leguminous plants 
assimilated more nitrogen when they were grown in the absence of 
potassium and calcium nitrate than when thus supplied. His results 
seem to indicate that nodule development was retarded somewhat by 
these salts. Similar results were obtained by Frank (16). Nobbe and 
Richter (37) in 1902 grew soybeans in a rich garden soil and found upon 
inoculation that a gain of 74.7 per cent of nitrogen occurred. However, 
upon the addition of nitrates this gain was considerably reduced, the extent 
of the reduction corresponding to the amount of nitrate added. About 
this same time, Wohltmann and Bergené (47) using many different 
types of soils, found that nodules were not formed on the roots of peas 
when ammonium nitrate was added. Creydt (12) found that sodium 
nitrate retarded nodule formation on yellow lupines when these legumes 
were grown in soil. Fred and Graul (8) found that very small amounts 
of nitrates did not appreciably decrease nodule formation, but that 
larger amounts proved detrimental and finally prohibited entirely the 
development of nodules. 

The presence of nitrates in culture solutions has also been found to 
reduce and oftentimes to inhibit the formation of nodules on leguminous 
plants. Marchal (37) concluded that alkaline nitrates in concentrations 
of 1 to 10,000 in liquid cultures prevented the formation of nodules on 
peas. Flamand (15) grew vetch and beans in a nutrient solution and 
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found that nitrates in the following amounts prevented nodule forma- 
tions: potassium nitrate, 1 to 10,000, sodium nitrate 1 to 2,000, ammo- 
nium nitrate 1 to 2,000, and calcium nitrate 1 to 2,000 and 1 to 10.000. 
Hiltner’s (24) experiments showed that 5 mgm. of nitrogen as potassium 
nitrate per liter prevented nodule formation on peas. 

In contrast to these experiments Bassler (1) claimed that results 
obtained from his work indicated that no effect was noticed by adding 
nitrates to lupines growing in quartz sand. 

The question naturally arises whether this condition is due to the 
weakening of the organism brought about by growth in a nitrated 
environment and to a consequent impairment or entire loss of its infect- 
ing power, or whether it is caused by some interreaction between the 
salt and the plant root, tending to increase the latter’s resistance to 
the attack of this particular organism. 


INFLUENCE OF NITRATES ON THE INFECTING POWER OF BACILLUS RADICICOLA 


Some investigations have been carried out to determine what effect 
nitrates have on the legume organisms themselves. Wilson (46) showed 
that although nitrates inhibit the formation of nodules, the organisms 
capable of producing nodules did not lose their vitality or nodule-pro- 
ducing power when grown in the presence of nitrates. The results of 
Prucha (41) are in accord with those of Wilson. He found that B. radi- 
cicola does not seem to lose its infecting power when grown on media 
containing nitrate. During the course of his work he found that potas- 
sium and sodium nitrates inhibited the formation of nodules. Further 
evidence that the organisms appear to retain their vitality in the pres- 
ence of nitrates is produced by the results of Mazé (33, p. 15-17), who 
showed that legume bacteria were able to fix a slight amount of nitrogen 
when grown in a soil extract solution containing 1 per cent sodium nitrate. 
Herke (22) states that potassium nitrate favors the growth of nodule 
bacteria. 

However, other investigators state that nitrates have a harmful 
effect on B. radicicola. Laurent (29, p. 134) found that legume organ- 
isms failed to grow in a pea or lupine decoction containing nitrate in the 
form of potassium and sodium salts in amounts equivalent to 1 to 500 
and 1to1,000. Moore (35) in his experiments demonstrated that nitrates 
at 1 to 10,000 were sufficient to prevent nodule formation. He states 
that B. radicicola loses its power of infection when grown in a medium 
containing nitrates. 

From the results cited it can be seen that there is some disagreement 
as to the influence exerted by nitrates on B. radicicola. In some cases 
the organism seems to retain its vitality in the presence of nitrates, 
while in others it appears to have become weakened. It must be ad- 
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mitted, however, that the evidence seems to favor the former contention— 
namely, that nitrates do not cause the bacteria to lose their nodule- 
producing power. 

In order to determine whether or not nitrates weaken these organisms, 
the following experiments were made: Slopes of mannit agar (in test 
tubes) containing various amounts of sodium and calcium nitratesas indi- 
cated in Table XXIX were inoculated with B. radicicola. These cul- 
tures were incubated at 28° C. for one week, when transfers were made 
to fresh nitrate media and incubated at 28° C. for another week. At 
the expiration of this time, three 4-day-old seedlings of alfalfa were 
inoculated with three drops of a suspension of the organism in 5 c. c. 
of sterile distilled water. The same slope cultures were incubated at 
28° C. and used for all subsequent inoculations in this experiment. 
The inoculated seedlings were placed in the greenhouse under cheese- 
cloth covering. The temperature here during the daytime averaged 
approximately 30°C. The seedlings were examined for the first appear- 
ance of nodules and in no case did they appear before 18 to 20 days. 
A total count of nodules on all plants was made at the end of 45 days. 
Three subsequent inoculations were made under the same conditions. 
In this way organisms in contact with nitrate for varying lengths of 
time could be used. The results of the inoculation experiments are 
given in Table XXIX. 


TABLE XXIX.—Influence of nitrates on the infecting power of Bacillus radicicola 





| 
Number of nodules after 45 days. 





Treatment (nitrate in roo c. c. of medium). | 
Inoculated | Inoculated | Inoculated | Inoculated 
June 3. | June 1s. July 1:1. July 17. 











15 mgm. of NO; as sodium nitrate. .. | 
37 mgm. of NO, as sodium nitrate... 
75 mgm. of NO, as sodium nitrate... 
150 mgm. of NO, as sodium nitrate . . 
225 mgm. of NO, as sodium nitrate. . 
450 mgm. of NO, as sodium nitrate . . 
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15 mgm. of NO, as calcium nitrate. . 
37 mgm. of NO, ascalcium nitrate. .. 
75 mgm. of NO, as calcium nitrate . . 
150 mgm. of NO, as calcium nitrate. . 
225 mgm. of NO, as calcium nitrate . 
450 mgm. of NO, as calcium nitrate. 
Uninoculated 
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From the results given in Table XXIX it is very evident that under 
the conditions of the experiment the legume organisms did not lose 
their power of producing nodules when grown on a medium containing 





222 Journal of Agricultural Research Vol. XII, No. 4 





varying amounts of sodium and calcium nitrates. The numbers of 
nodules produced on the alfalfa plants by organisms grown on media 
containing nitrate do not vary widely from those on the plants inocu- 
lated with organisms grown on media containing no nitrate. Not only 
did the organisms fail to lose their nodule-producing power, but from 
all appearances their infecting power did not seem to be materially 
weakened. 

It therefore seems apparent that an explanation for the failure of 
nodules to develop on leguminous plants in the presence of nitrates is 
not found in the theory that the organisms producing these nodules are 
weakened when grown in the presence of nitrates. 


INFLUENCE OF NITRATES ON ALFALFA ROOTS AND NODULE FORMATION 


The next step taken would naturally be in the direction of a study of 
the influence of the nitrates on the plant roots themselves in order to 
determine whether or not they thus are made more resistant to the 
attack of these organisms. 

A review of the literature shows that almost nothing has been done 
touching this phase of the question. Wilson (46), studying the effect of 
certain salts on nodule production, states that possibly the salt has some 
effect on the root, making it resistant to the attack of the organism. 
Mazé (33, p. 15-17), who also concluded that nitrates did not cause B. 
radicicola to lose its infecting power, says that nodules do not develop 
on roots of legumes when nitrates are present because the carbohydrate 
in the roots is changed into protein material by the absorption of the 
nitrate. 

Alfalfa seedlings (Medicago sativa) growing in soft agar containing 
potassium, sodium, and calcium nitrates, as indicated in Table XXX, 
were used in this study. Quadruplicate tubes were prepared for each 
amount of nitrate. The higher concentrations of the nitrate were not 
used, since it was found that germination and subsequent growth were 
considerably impaired in the presence of such large amounts. The tubes 
with the mannit agar and nitrate were sterilized at 15 pounds’ pressure 
for 30 minutes. These were cooled and sterilized alfalfa seeds planted 
as given under ‘‘Methods used in experiments.” The tubes were 
then placed in the greenhouse under cheesecloth covering and the seeds 
allowed to germinate. Germination took place in all instances, although 
it was retarded somewhat by the presence of the nitrate. At the end of 
five days the first tube of each set was inoculated with three drops of a 
suspension of B. radicicola in sterile distilled water. Subsequent inocu- 
lations were made as indicated in Table XXX. These were made at 
different intervals in order to allow the roots of the seedlings to remain 
for a longer time in contact with the media. It was hoped that in this 
way an idea might be obtained as to the time when the root first became 
resistant. The results are given in Table XXX. 
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TaBLE XXX.—Influence of nitrates on alfalfa roots and nodule formation 





Total number of nodules in each tube of 
seedlings inoculated after— 


Treatment (nitrate in 100 c. c. of medium). : j . —— 


5 days’ to days’ | 18 days’ | 22 days’ 
growth. | growth. | growth. | growth. 


Culture 
No. 





o+ 


10 mgm. of NO, as potassium nitrate 
25 mgm. of NO, as potassium nitrate 
50 mgm. of NO, as potassium nitrate | 
100 mgm. of NO, as potassium nitrate ....| 
150 mgm. of NO, as potassium nitrate .... 
10 mgm. of NO, as sodium nitrate ........ 
25 mgm. of NO, as sodium nitrate 

50 mgm. of NO, as sodium nitrate 

100 mgm. of NO, as sodium nitrate 

150 mgm. of NO, as sodium nitrate 

10 mgm. of NO, as calcium nitrate........ 
25 mgm. of NO, as calcium nitrate........ 
50 mgm. of NO, as calcium nitrate........ 
roo mgm. of NO, as calcium nitrate ....... (>) 
150 mgm. of NO, as calcium nitrate.......)  (®) 
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@ Fungus contamination. > Plant died after few days’ growth. 


It will be seen that in a few instances where a high concentration of 
nitrates occurred the development of the seedlings subsequent to ger- 
mination ceased. This condition may have been due to too high a con- 
centration of soluble salts or to inferior seed. However, losses were not 
sufficiently serious materially to affect the outcome of the experiment. 

In all cases the seedlings grown in agar without nitrate produced 
nodules when inoculated with B. radicicola. A few nodules appeared on 
seedlings in cultures containing the lowest concentration of all three 
nitrates. The number of nodules in these cases was less than in the 
control cultures. No nodules whatever developed in any concentration 
above 10 mgm. of nitrate in 100 c. c. of medium. Under normal condi- 
tions in test-tube cultures the nodules make their appearance at about 
18 to 20 days after inoculation. The incubation of all cultures was 
extended 40 days after inoculation in order to make certain that no 
further nodule development would take place. 

The nonproduction of nodules was not due to the failure of the inoc- 
ulum. In all cases an excellent inoculum growth was obtained, espe- 
cially in the case where nitrate was present in the medium. Indeed, it 
was so luxuriant that in many cases the organism grew in considerable 
quantity far dcwn into the root zone. In many cases where nitrates 
were present the same pink coloration was produced that was discussed 
under another caption, on page 216. 

As has been already stated, seedlings of varying ages were inoculated 
for the reason that it was thought that a more or less prolonged contact 
of the roots with the nitrate in the medium might serve as an index to 
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the time in the growth of the seedling when permanent resistance to 
attack of the organisms was established. The results obtained do not 
seem to indicate that seedling roots 18 to 20 days’ old are any more 
resistant to the attack of the organisms than are those that are younger. 
Evidently if any reaction takes place between the nitrate and the plant 
root it occurs during the very early stages in the development of the 
plant. 

These results seem to point to the conclusions that the nonformation 
of nodules in the presence of nitrates is due not to a weakening of the 
vitality of the organism, but to some reaction between the plant root 
and nitrate. One naturally queries whether the plant root cells are 
made more resistant to the bacteria seeking to gain entrance there or 
whether the naturally occurring carbohydrate food supply to be used 
by the organisms after gaining entrance is diminished by its conversion 
into protein material by the absorption of nitrate? Further studies 
were not made in an endeavor to solve this question. 


INFLUENCE OF NITRATES IN SOIL ON ALFALFA NODULES AND ON THE REFORMATION 
OF NODULES 

Additional studies were made with nitrates in relation to their influ- 
ence on nodules already formed and on the redevelopment of nodules 
once removed from alfalfa plants. The experiments were carried out 
in an endeavor to determine whether nitrates prevented an increase in 
the number of nodules on plants possessing nodules and whether they 
prevented the reformation of nodules when removed. Experiments 
revealed clearly that removed nodules were replaced by new ones pro- 
vided the plant was carefully replaced in the soil (soil with normal low 
nitrate content) and the proper amount of moisture maintained. 

In these experiments 1-gallon earthenware jars were used. These 
were filled to within an inch of the top with 1,800 gm. of soil of a low 
nitrate content. Different amounts of the nitrates to be studied were 
added in the quantities indicated in Table XXXI. Concentrations of 
100 and 300 mgm. of nitrate in 100 gm. of soil were also used, but the 
transplanted alfalfa seedlings were unable to withstand such excessive 
concentration, with the result that all died within a week or ten days 
after transplanting. Quadruplicate pots were prepared for each con- 
centration of nitrate. The nitrates in solution were mixed with the 
proper amount of distilled water which, when added to the pots, brought 
the moisture content to approximately 20 per cent. The pots were then 
allowed to remain undisturbed for one day at room temperature to 
allow the water containing the nitrate to become well diffused through- 
out the soil mass. Into two pots of each set were transplanted young 
alfalfa plants from which the nodules had been removed. The two 
remaining pots contained transplanted alfalfa plants with the nodules 
left on and their location noted. The plants used in this experiment 
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were removed from an alfalfa plot, the soil of which was a sandy loam. 
Previous to transplanting the roots of the young plants were carefully 
washed in running water and immediately transplanted. The pots 
were kept well watered, and after two or three days they were removed 
to the greenhouse. Here they were watered when necessary. Trans- 
plantations were made on the 27th of June and the experiment termi- 
nated on the 3d of August. The plants were removed from the pots, 
the roots carefully washed and examined for the presence of nodules. 
The results are presented in Table XXXI. 


TABLE XXXI.—I nfluence of nitrates in soil on alfalfa nodules and on the reformation of 


nodules 





Number of 
nodules— 
Treatment of _ — 
nodules. At 
begin- 
ning. 


Nitrate in 100 gm. of dry soil. 





on OHw 





Ornoor no ouw 





RPWOOOWRKO OW 








wBeoohrwnwnooonooursPoorseodo MHOOwHOO 








@ Plants died. 


‘It will be seen in the control pots, where no nitrate was present (ex- 
cept the small amount normally present in the soil at the beginning of 
the experiment), that if the nodules were removed, new ones formed. 
The location of the nodules before their removal was noted, and the ” 
new ones were found to occupy the same place. However, when nitrates 
were added to the soil no new nodules were formed. ‘This statement 
holds true for both concentrations of all three salts in all experiments. 
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Some interesting results were obtained where the nodules were not 
removed. In the control pots an increase in nodule formation took place. 
It can not be stated definitely whether the new nodules appeared as 
a result of inoculation from the soil or whether the organisms had already 
gained entrance to the roots before the plants were removed from the 
field soil previous to transplanting. Nevertheless, it is shown that the 
number of nodules increased as compared with the number present at 
the time of transplanting. But where nitrates were added a reduction 
in number occurred rather regularly throughout all the pots. In two 
instances the number remained constant, in 10 it was reduced, and in none 
was it increased. The calcium salt appeared to effect the least reduction 
in number of nodules. Conclusions concerning the comparative in- 
fluence of the three salts in this regard can not be drawn because of the 
small number of determinations made. It is sufficient to note that 
nitrates present in amounts equal to 25 and 50 mgm. of nitrate in 100 
gm. of soil did not permit an increase in number of nodules, but rather 
caused a decrease. 

The conclusions drawn from the experiments relative to the influence 
of nitrates on nodule formation are: (a) the presence of nitrates is 
detrimental to the formation of nodules by alfalfa; (b) the nonformation 
of nodules is not due to a weakening of B. radicicola when grown in the 
presence of nitrates; (c) some reaction takes place between the nitrates 
and the plant root, thus preventing nodule formation; (d) nitrates in the 
soil prevent the re-formation of nodules once removed and also cause 
a decrease in the number of those already present. 


SUMMARY 


(1) Small quantities of potassium, sodium, and calcium nitrates 
caused a great increase in the number of Azotobacter in sterilized soil. 
Ammonium nitrate in the same quantities caused a less marked in- 
crease. Higher concentrations were not so favorable to the growth 
of the organisms. 

(2) Potassium and sodium nitrates in the concentrations studied 
caused an increase in the amount of nitrogen assimilated by Azoto- 
bacter on agar films. Calcium nitrate in the same amounts brought 
. about a decrease in the amount of nitrogen fixed to a point even below 
that representing the amount assimilated in the absence of nitrates. In 
soil cultures nitrates of sodium and calcium caused an increase in total ni- 
trogen, which was more marked in the unsterilized cultures than in those 
cultures sterilized and inoculated with a pure culture of Azotobacter. 
However, the increase in total nitrogen is not commensurate with the 
increase in the number of Azotobacter noted under the same conditions. 

(3) Under aerobic conditions Azotobacter in liquid cultures reduced 
nitrate to nitrite, but not to ammonia. More atmospheric nitrogen was 
assimslated in the presence of nitrate than in the absence of this salt. 
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(4) Pigmentation occurred when potassium and sodium nitrates, 
and especially calcium nitrate, were used with Azotobacter, the colora- 
tion increasing with the concentration of the salt. This effect was more 
marked in Azotobacter strains which produce little or no pigment in the 
absence of nitrates. 

(5) All three nitrates studied caused an increase in the number and 
size of volutin bodies in Azotobacter cells. From all appearances 
these salts also tended to hasten the development of these bodies, 

(6) The number of Bacillus radicicola in sterilized soil was increased 
by the addition of small quantities of potassium, sodium, ammonium, 
and calcium nitrates. This increase was not so marked as in the Azoto- 
bacter cultures. B. radicicola appeared to be much more resistant to 
higher concentrations of nitrates than Azotobacter. 

(7) B. radicicola under aerobic conditions did not reduce nitrates 
in solution to nitrite, ammonia, or elemental nitrogen. The presence 
of nitrates did not materially influence the small amount of atmos- 
pheric nitrogen fixed under these conditions. 

(8) When grown on agar films, B. radicicola fixed a small amount 
of nitrogen, varying from 0.15 to 0.43 mgm. of nitrogen in 100 c. c. of 
the medium. The addition of various amounts of potassium, sodium, 
and calcium nitrates increased to a slight extent the amount of nitrogen 
assimilated. 

(9) In liquid cultures all three nitrates caused a large increase in the 
amount of gum obtained by precipitation with acetone. 

(10) The presence of large amounts of potassium, sodium, and cal- 
cium nitrates proved detrimental to the formation of nodules on alfalfa. 
B. radicicola did not appear to lose its infecting power when grown on 
media containing varying amounts of sodium and calcium nitrates. 
Alfalfa seedlings grown in the presence of large amounts of nitrate did 
not produce nodules when inoculated with a viable culture of B. radicicola. 
Nitrates in soil cultures prevented the re-formation of nodules once 
removed and also caused a decrease in the number of nodules already 
present. 
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